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Abstract 
Abstract 
Variation in skeletal maturation is an important indicator of population health, but 
the exposure of healthy children to radiation has been approached with caution in 
recent years, resulting in few contemporary studies. Detailed longitudinal growth 
and skeletal maturity data have been collected from the largest, and longest-running 
birth cohort study in Africa, Birth to Twenty (Bt20). This study addresses variation 
in skeletal maturation in the unique context of rapid economic, social, and 
nutritional transition experienced in South Africa. 
The aims of this study were fourfold: (I) to describe the skeletal maturity of urban 
South African children, (2) to identifY endogenous and exogenous factors 
responsible for advancement/delay in skeletal maturation, (3) to examine the 
relationship between skeletal maturation and pubertal development, and ( 4) to 
examine the evidence for a secular trend in skeletal maturity in South Africa. 
Data from 683 children (n=342 males) enrolled in Johannesburg-Soweto based Bt20 
study were used to examine skeletal maturity both cross-sectionally and 
longitudinally. The skeletal maturity of the whole cohort was measured using the 
Tanner and Whitehouse Ill (TW3) technique and a sub-sample were assessed using 
Greulich-Pyle (GP) to examine secular trends by comparison with previous studies 
using the GP method. 
The results of this study showed that whilst the skeletal maturity of the cohort was 
generally delayed in comparison to the TW3 reference population, ethnic 
differences were not consistent. Black and White females were not significantly 
different at any age and Black males were significantly delayed in comparison to 
White males between 12 and 14 years. Being stunted at two years and having 
greater lean mass were independent predictors of having either delayed or advanced 
skeletal maturity at 9/10 years in both sexes. 
Skeletal age and chronological age were significantly correlated at the onset of 
puberty in both males and females. There were no significant differences in the 
variance of skeletal age and chronological age at the onset of puberty in both sexes, 
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but at menarche, variation in skeletal maturity was less than in chronological age. 
While skeletal maturity was delayed compared to the reference population, sexual 
development was not. This suggests that the control of skeletal maturation may be 
more sensitive to environmental influences than the control of sexual maturation. 
Comparing Bt20 data with data collected in the Pretoria National Nutrition Study 
(1962-1964) shows that positive and statistically significant secular trends in 
skeletal maturity have occurred in the urban Black population of South Africa. 
Between 1962 and 2001 the skeletal maturity of Black children increased at a rate of 
approximately 2.4 months per decade in males and 3.9 months per decade in 
females. Although the secular trend in the White population was not significant, the 
skeletal maturity of males increased by 0.8 months per decade and females by 0.5 
months per decade over the same period. 
This study observed variation in skeletal maturity in urban South Africa and 
addressed the lack of understanding surrounding the causes of advancement or delay 
in skeletal maturation using context specific measures of socio-economic status and 
detailed longitudinal growth data. This research has not only reinforced the use of 
skeletal maturity as an indicator of population health but has identified skeletal 
maturation as a valuable marker of transition, sensitively reflecting the significant 
changes in environment experienced by the Black population in South Africa. 
Key words: skeletal maturity, bone age, population health, pubertal development, 
secular trend, South Africa 
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Introduction 
Introduction 
One of the core requirements to appropriately evaluate the growth, development, health, 
and wellbeing of children is the ability to sensitively control for their maturational 
. status. Skeletal maturity or 'bone age' may be used alongside measures of dental and 
sexual development as a key indicator of biological maturity. Skeletal maturity has 
important applications in children; particularly in the diagnosis and monitoring of 
endocrine disorders and in the prediction of height. Its role in this research, however, is 
as a marker of population health. 
The assessment of skeletal maturity is based upon the predictable, ordered appearance of 
primary and secondary centres of ossification and upon the process of fusion in the 
epiphyses of long bones (Shonkoff, 1984). The fact that the maturation of the skeleton is 
a continuum necessitates the use of 'maturity indicators'; discrete events that can be 
identified during the maturational process, to assess individuals and draw comparisons 
between them. Both of the most frequently used methods for the assessment of skeletal 
maturity rely on the use of maturity indicators. Greulich and Pyle (1959) created an atlas 
technique whereby a hand-wrist radiograph is compared to a series of standard 
radiographs. The chronological age assigned to the standard that most closely represents 
the radiograph is given as the bone age of the subject. The Tanner-Whitehouse bone-
specific scoring technique (1962) assigns a score to each of the bones in the hand and 
wrist. Summing the individual bone scores gives an overall bone maturity score, which 
is equivalent to a given bone age. 
Normal variation in maturation means that chronological age and bone age may differ by 
±two years: for instance a 12 year-old may have a bone age between 10 and 14 years. 
Being advanced or delayed by more than two years in skeletal maturity relative to 
reference values is often as a result of underlying endocrine pathology, for example in 
growth hormone deficiency skeletal maturation is delayed by around two years whereas 
in congenital adrenal hyperplasia skeletal maturation is substantially advanced. The 
variation of skeletal maturity about chronological age is a sensitive indicator of 
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population health. Advanced skeletal maturity is a reflection of adequate environmental 
and social conditions, whereas delayed maturation suggests inadequate conditions for 
optimal development. Comparisons of skeletal maturity between samples of populations 
can reveal degrees of environmental disadvantage (Tanner et al., 1983) while 
longitudinal observations of maturational markers within a population demonstrate the 
plasticity of humans in response to environmental change (Eveleth & Tanner, 1990). 
South Africa has undergone considerable transition since the deregulation of Apartheid 
legislation. The country is experiencing the rapid urbanisation, nutrition transition, and 
socio-economic change that is often associated with developing countries in transition 
(World Bank, 1998; Vorster et al., 2005). In theory, urbanisation should bring with it 
better access to employment, less seasonal variation in food supply and improved access 
to healthcare. In reality, rapid urbanisation may place stress on already unstable 
infrastructure such as healthcare services, housing provision and sanitation (Cameron et 
al., 1998). The Johannesburg-Soweto based Birth to Twenty (Bt20) longitudinal birth 
cohort study was established to track the growth, health, wellbeing, and educational 
progress of urban children throughout the first twenty years of life (Richter et al., 2007). 
The intake of children into the study coincided with the release of Nelson Mandela in 
1990. The children were therefore follo'Yed throughout the last years of apartheid and 
the gradual transition to democracy. As an indicator of population health, the monitoring 
of bone age throughout this period of transition will help to gauge the impact of 
urbanisation on South African children. 
A previous study undertaken in Pretoria (Levine, 1972) examined the skeletal maturity 
of urban children between 1962 and 1965 and showed Black children to be significantly 
delayed in comparison to their White peers. Comparing the skeletal maturity of the 
Pretoria sample with the skeletal maturity of the Bt20 cohort presents the opportunity to 
examine transition over a 40 year period. The examination of ethnic differences in 
skeletal maturity in the contemporary cohort is particularly important as these 
differences may be a measure of remaining environmental and social inequality. 
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The exposure of healthy children to radiation has been approached with caution in recent 
years, resulting in few contemporary studies of skeletal maturation. Whilst skeletal 
maturity has been identified by numerous authors as a marker of population health, there 
remains a paucity of data to indicate which environmental factors are important 
predictors of advancement or delay in skeletal maturity. There is also a lack of 
information on how these factors exert their effects on skeletal maturity. There is a need 
to investigate the relationship between skeletal maturity and other indicators of 
biological maturation in order to address the question of whether there is an overall 
delay in maturational tempo or whether maturity indicators are affected differentially by 
environmental influences. 
The serial radiographs of the Bt20 cohort and the availability of detailed longitudinal 
measures of growth, body composition and socio-economic status present a unique 
opportunity to accurately assess skeletal maturation in the context of economic, social 
and environmental transition. 
Aims 
The specific aims of this research are therefore fourfold: 
I. To describe the skeletal maturity of urban South African children and examine 
ethnic differences 
2. To identify endogenous and exogenous factors influencing skeletal maturity 
3. To examine the relationship between skeletal maturity and pubertal development 
4. To examine the evidence for a secular trend in skeletal maturity in South Africa 
over a 40 year period 
3 
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Ch!ipter Two: Background 
Chapter two outlines the background to the study of variation in skeletal maturity in 
South Africa. South Africa's unique social and political background is introduced before 
existing literature relevant to the study of skeletal maturity is critically reviewed. 
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2.1 South Africa: Social and Political Background 
The Republic of South Africa is located at the Southern tip of Africa. The country is 
divided into nine provinces and is ethnically and culturally diverse with 11 official 
languages recognised in its constitution. The mid-year population estimate for 2008 was 
48.7 million (Statistics South Africa, 2008). South Africa is an upper-middle income 
country with a per capita income similar to that of Botswana, Brazil, Malaysia or 
Mauritius (World Bank, 2008). The distribution of this relative wealth may be, however, 
one of the most unequal in the world (May, 2000). Exploring South Africa's current 
economic and social climate is impossible without acknowledging the regime of political 
and racial apartheid enforced by the government from 1948 until 1994, the repercussions 
of which continue to perpetuate inequality in modem society. This section reviews the 
transition from apartheid to democratic South Africa, highlighting the demographic and 
socio-economic indicators relevant to the interpretation of data from the Birth to Twenty 
(Bt20) project. 
2.1.1 Apartheid 
Apartheid is the legalised segregation of a population on the basis of their ethnicity. It is 
one of the defining features of South Africa's political and social past, which resulted in 
low levels of civil rights and international condemnation (Johnston, 1984). Individuals 
were classified into one of four groups: Black, White, Coloured or Indian 1 by the 
Population Registration Act of 1950. While this classification may have caused 
confusion and frustration for the White population, the classifications affected the 
quality of life of the other groups who felt the effect of following acts to a greater extent 
(Davenport, 1991; Pogrund, 1990; van Wyk, 1984). The Group Areas Act of 1950 
assigned racial groups to different business sectors in the urban areas, and the Land Acts 
of 1954 and 1955 restricted non-White residence to specific areas (Africana 
Encyclopaedia, 2001). The apartheid government created ten African homelands through 
the Bantu Self Government Act of 1959. By making every Black South African a citizen 
1 Apartheid terms for ethnicity will be retained and used occasionally throughout this research when 
discussing the classification enforced by the South African government. 
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of the homeland states, the 1970 Bantu Homelands Citizenship Act precluded Africans 
from being citizens of the Republic of South Africa. This policy restricted movement of 
Africans into the 'Republic' and any African person found outside the homelands was 
required to have a visitors pass. The pass laws placed limits on the movements of 
Africans and consequently, most men and women who worked in White neighbourhoods 
were forced to stay apart from their families who mostly remained in rural areas. Such 
forced separation of African families and households invariably led to changes in family 
roles and structures. The Separate Amenities Act of 1953 further divided the population, 
assigning all public services and public spaces, including hospitals, to a designated 
group. Rarely were the services available to the non-Europeans of an adequate standard 
(Davenport, 1991 ). 
Political violence intensified throughout the 1980's as the Black resistance movement, 
led by the African National Congress (AN C), strengthened. The townships, such as 
Soweto, became the focus of the apartheid struggle as the ANC acted to make these 
areas 'ungovernable' by forcing residents to stop paying for services. International 
pressure on the government increased as economic sanctions began to impact on the 
value of the rand, which all but collapsed, and in 1985 a state of emergency was 
declared which was to stay in effect for the next five years. 
The relaxation of laws on residence and movement of non-Whites accelerated in 1990 
when FW de Klerk became president. In his famous 'unbanning speech' it was 
announced that he would repeal discriminatory laws and lift the ban on the ANC. The 
Land Acts were bought to an end, media restrictions were relaxed, and political 
prisoners not guilty of common law crimes were released (Lapping, 1989). The most 
prominent release was that of Nelson Mandela, the leader of the anti-apartheid 
movement. His release from prison and subsequent negotiations led to a new multiracial 
and multi-party democratic South Africa in 1994. 
Although Presidents De Klerk and Mandela fought to abolish the practices of apartheid 
and apartheid legislation there are many signs of South Africa's political past visible 
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today. Many of the inequalities created by apartheid still remain and race remains a 
major factor in the way South Africa is governed. Poverty is still largely defined by skin 
colour with Black people making up around 90% of the country's poor (Sheehan, 2002). 
2.1.2 Demography and Socio-economic Status 
Of the 48.7 million people in South Africa, 52% of the population are female (Statistics 
South Africa, 2008). Gauteng province has the largest share of the population (21.5% ), 
followed by KwaZulu Natal (20.8%). The smallest share ofthe population is located in 
the Northern Cape (2.3%) (Statistics South Africa, 2008). Nearly one third of the South 
African population is younger than 15 years (32.0%) and 7% of the population is over 
60 years of age. Average life expectancy at birth is estimated at approximately 50.3 
years for males and 53.9 years for females. The sex and ethnicity breakdown of the mid-
year population is given in table 2.1. 
BOTSWANA 
\ NAMIBIA 
Figure 2.1: Map of South African provinces (From Richter et al., 2007) 
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Population growth in South Africa was 0.8% between 2007 and 2008 (Statistics South 
Africa, 2008). This is comparable with developed countries such as the USA (0.9%), 
New Zealand (0.8%) or Canada (0.9%) and substantially lower than other countries with 
a similar Human Development Index ranking (all data from the United Nations 
Development Programme, 2007). Fertility has declined from 2.9 children per woman in 
2001 to 2.4 children in 2008. The transmission ofHIV is one of the most prominent 
issues facing the country and the prevalence rate is approximately 11% (5.35 million 
people) (Statistics South Africa, 2008). 
Table 2.1: Sex and ethnicity breakdown of the 2008 mid-year population estimate 
Male Female Total 
N %of Total N %of Total N %of Total 
African 18 528 000 79.0 20 037 100 79.4 38 565 100 
Coloured 2 105 800 9.0 2 273 400 9.0 4 379 200 
Indian/ Asian 614 700 2.6 628 800 2.5 I 243 500 
White 2196300 9.4 2 302 900 9.1 4449200 
Total 23 444 800 100.0 25 242 200 100.0 48 687 000 
Reproduced from Mid-Year Population Estimates, 2008 (Statistics South Africa, 2008) 
Data from the 1990, 200 I and 2007 surveys and censuses as well as the Living 
Standards and Development Survey (LSDS) in 1993 describe the perpetually changing 
social environment in which the Bt20 cohort were raised and highlight some of the 
ethnic disparities remaining post-apartheid. 
In 1991, when the Bt20 cohort were a year old, monthly household income varied 
greatly by ethnic group. The income of White households was 6.4 times that of Black 
households, 3.1 times that of Coloured households and 1.6 times that oflndian 
households (Pillay, 1996). Unemployment was greater in the Black population, around 
35% of men and 45% of women were unemployed despite unemployment benefits only 
being available to White people (Snyman, 1991). Rural areas experienced high levels of 
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unemployment as well as insecure, seasonal, or periodic employment (Pillay, 1996). 
Funding for education was allocated according to ethnic group. Estimates from 1980 
suggest that 2.92% of gross national profit (GNP) was spent on the education of White 
children and 0.70% spent on Black; while the population was 17% White and 70% 
Black (Pillay, 1996). In 1994 average per capita expenditure varied between R5 403 
(South African Rand) in White schools and RI 053 in schools with a majority of Black 
children (May, 2000). Fuller et al. (1995) suggested that despite more Black children 
being enrolled in schools, an inequality in the quality of teaching led to marked 
differences between ethnic groups in basic literacy and numeracy. 
Positive changes in the healthcare system were implemented in South Africa 
immediately following election of the democratic government. The Clinic Upgrading 
and Building Programme (CUBP) proposed 295 new clinics, and 92 were completed 
between 1995 and 1997 (May, 2000). Free health care for certain services and patient 
groups was perhaps the most significant achievement of the new government. Free 
health care was introduced for pregnant women and children under the age of 6 years on 
I June 1994. Free primary care services for all patients was introduced on I Aprill996. 
An evaluation of this policy found improved use ofhealthcare services, particularly in 
the rural poor (McCoy, 1996). Despite these improvements findings from the South 
African Participatory Poverty Assessment (Data Research Africa, 1998) suggested that 
the infant mortality rate at this time ranged between 7 per 1000 live births in the White 
population and 54 per 1000 in the Black population. In 199211993 per capita public 
healthcare expenditure ranged from Rl37 in Mpumalanga (which was a majority Black 
province) to R491 in the Western Cape (which was a majority White province) (May, 
2000). In 1995 over 35% of Africans living in the former homelands had to travel for an 
hour or more to reach their nearest clinic (Hirschowitz and Orkin, 1995). 
Table 2.2 indicates some of the health and social parameters collected by South African 
authorities during the 200 I census, at which time the Bt20 cohort were between I 0-11 
years of age. This data represents the social and economic situation seven years after the 
introduction of the democratic government and the implementation of various schemes 
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to address poverty and inequality. This is also the census information which most 
closely reflects the environment experienced by the cohort at the time that skeletal 
maturity data were first collected. Although the data clearly represent continuing ethnic 
disparities there is also evidence of a progression towards greater employment, 
particularly in the Black population, more stable housing and the ownership of 
household durables. Data published in the 2007 Community Survey (Statistics South 
Africa, 2007) suggest further improvements in access to education, the ownership of 
household appliances and access to electricity and piped water in the period following 
the 200 I census. 
Since their birth in 1990, the Bt20 cohort has experienced a swiftly changing 
environment. South Africa is undergoing the rapid urbanisation and socio-economic 
change that is often associated with developing countries in transition (World Bank, 
1998; Vorster et al., 2005). In 2006, 60% of the South African population resided in 
urban areas. The average annual growth rate of the urban population between 1990 and 
2006 was 2.6%. This is comparable to the urbanisation rate of the whole African 
continent (2.63%) (Unicef, 2008). The movement of individuals and families from rural 
to urban environments permits families to take advantage of opportunities of proximity, 
diversity, and marketplace competition. However, urbanisation has negative 
consequences including a lack of housing, lack of stable infrastructure, services, and 
environmental impacts (World Bank, 1998). The urbanisation has also bought with it 
changes in lifestyle and diet associated with the "nutrition transition" (United Nations, 
2007; Vorster et al., 2005). 
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Table 2.2: Health and socio-economic indicators by ethnicity 
Indicator White Black Coloured Indian 
Population (%) 
I960 a I9.3 68.3 9.4 3.0 
2001 I0.2 77.8 8.7 2.5 
Level of Education(%) 
No Schooling 1.0 23.3 9.7 6.1 
Unemployment(%) 4.1 28.I I7.1 IO.O 
Income (Rand per month)(%) 
RI- 400 I.4 I9.2 9.5 2.0 
R40I-R800 2.2 21.7 I9.6 5.I 
R80I-R I600 7.0 26.1 25.4 I8.5 
RI 60I-R3 200 I7.3 I8.2 22.9 27.7 
R3 20I- R6 400 28.3 8.8 I4.1 25.1 
R6 40I-RI2 800 23.5 2.7 5.1 I3.4 
RI2 80I and above I8.1 0.9 1.5 6.4 
Dwelling(%) 
Informal Dwelling 0.5 20.4 7.4 1.0 
Access to Piped Water 99.3 80.3 97.6 99.2 
Electricity (%) 
Cooking 96.6 39.3 82.3 97.1 
Heating 93.2 37.2 78.6 97.2 
Lighting 99.2 62.0 88.8 98.8 
Toilet Facilities (%) 
Flush I Chemical Toilet 98.7 41.9 84.5 97.9 
Pit and Bucket Latrine 0.5 41.2 9.5 1.3 
None 0.7 16.9 6.0 0.8 
Household Appliances(%) 
Television 92.6 44.2 73.6 91.0 
Telephone (in dwelling) 78.6 12.0 43.2 74.8 
Refrigerator 97.6 39.4 73.2 96.2 
Data taken from the South African Census, 200 I unless otherwise stated (Statistics 
South Africa, 200 I). 
a Zuberi et al., 2005 
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2.2 Skeletal Growth and Maturation 
Bones are dense, endoskeletal connective tissues whose functions include supporting 
body structures, protecting internal organs, and facilitating movement. During most of 
the human lifespan bones remain in a constant state of flux, being built up by osteoblasts 
while also being resorbed by osteoclasts. During childhood and adolescence bone 
formation is dominant; bone length and girth increase with age, ending at early 
adulthood when peak bone mass is attained. This section reviews the literature on 
healthy bone development and skeletal maturation. Endocrine control of skeletal 
development is reviewed, focussing particularly on the interaction of hormones at the 
onset of puberty. 
2.2.1 Skeletal Development and Growth 
Skeletal growth begins around six weeks after fertilisation when the embryo is around 
12mm long (Martini & Bartholomew, 2003), at which time all skeletal elements are 
made of cartilage. Skeletal tissue shares its mesodermal origin with muscle and vascular 
tissue, which is consistent with their close functional relationship (Uiijaszek, Johnston & 
Preece, 1998). The earliest stages of osteogenesis involve the origin of cartilaginous 
models sheathed in a highly vascularised connective tissue envelope, the perichondrium. 
In a few bones, such as the clavicle and the bones of the vault of the skull, ossification 
begins directly in the connective tissue of the embryo (membranous ossification). The 
remaining bones of the skeleton are ossified in cartilage (cartilaginous ossification), after 
the connective tissue has been converted into a cartilaginous template. The points at 
which bone formation begins are known as primary centres of ossification and these 
centres appear in different bones at different times, the first usually being the mandible 
or the clavicle at about the fifth week of fetal life (Sinclair, 1969). In long bones a 
secondary centre of ossification appears at the growing cartilaginous end, the epiphyseal 
ossification centre. In addition, a transverse plate of cartilage extends across the bone, 
separating the epiphyseal from the diaphyseal ossification centre. This is the epiphyseal 
growth plate, which is gradually replaced by bone during maturation. In the growth 
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plate, chondrocytes are arranged into layers (Fig. 2.2). At the distal epiphyseal end, 
chondroblast progenitor cells occur in clusters to form the reserve cell zone. The 
proliferative cells in the proliferative zone are arranged in columns. These cells undergo 
a process of differentiation and form enlarging hypertrophic chondrocytes. These 
hypertrophic cells secrete a matrix which is mineralised and partially reabsorbed by 
osteoclast action. The largest and most distal hypertrophic chondrocytes undergo 
apoptosis to leave the cartilaginous framework for further bone growth. Osteoblasts 
enter the primary spongiosum via capillaries from the bone marrow and are responsible 
for conversion of the cartilage template into bone (Williams et al., 1998). 
Epiphysis 
Active bone:· osteoblasts, 
osteoclasts, osteocytcs 
Metapbyslo 
Active bone: csteoblasts. 
osteoelast5, osteocyles 
Mmow: stromal cells, 
haemopoietic precursont 
Figure 2.2: The structure of the epiphyseal growth plate (from Williams et al., 
1998) 
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During infancy, childhood, and adolescence the epiphyseal cartilages at the end of the 
bones continue to enlarge, increasing the length of the developing bone and increasing 
bone mass (Martini & Bartholomew, 2003). Rates of bone growth are highest in infancy 
and during the pubertal growth spurt. Infancy is a high velocity, nutrition-dependent 
period of growth. Healthy infants grow approximately 25 cm in length during the first 
year of life and this reflects the rate of bone growth and the rate of bone mineral 
accretion (Cameron, 2002). Infancy is followed by a growth-hormone dependent phase 
of growth which is accompanied by a gradual deceleration in growth velocity. During 
childhood the rate of growth in height is approximately 5-6 cm/year (Cameron, 2002). 
Puberty is dramatic, involving a rapid transformation of anatomy, physiology and 
behaviour (Ellison, 2002). Gonadal steroid production, discussed in more detail in the 
following section, plays an important role in the accelerating and decelerating phases of 
the adolescent growth spurt, a distinct increase in growth rate occurring between 11 and 
18 years. Peak growth velocity is reached within 3-3.5 years of the onset of the 
adolescent growth spurt, and is the most valid representation of the rate of overall 
skeletal growth. During this period the velocity of bone growth doubles and 
approximately 40% of the peak bone mass is laid down (Martin, Burr & Sharkey, 1998). 
The increase in sex hormones that accompanies this rapid acceleration in bone growth 
stimulates the osteoblasts to produce bone faster than the epiphyseal cartilage at the 
growth plates can expand. As a result, the epiphyseal plates at each end of the bone 
become narrower until they eventually disappear and linear bone growth ceases. The age 
at which this closure occurs varies considerably between bones and between individuals. 
The .earliest epiphyses to fuse are those at the elbow, the distal humerus slightly ahead of 
the proximal ulnar and radial epiphyses. The last epiphysis to fuse is usually at the 
medial end of the clavicle. 
The maturity of the skeleton is assessed in terms of bone ossification or the transition 
from cartilaginous model to fully ossified bony skeleton, as recorded by radiograph 
appearances. The appearance of ossification centres, or their stage of development, and 
the eventual fusion of the growth plates are important indicators of the maturity of the 
skeleton. 
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2.2.2 Endocrine Control of Skeletal Maturation 
Each of the three distinct phases of growth; infancy, childhood, and puberty, are under 
differing endocrine control. The initial period of growth of the foetus until the middle of 
the first year is largely nutrition-dependent and closely linked to the action of insulin-
like growth factors (IGFs) (Wang and Chard, 1992). At around six months, the 
appearance of growth hormone (GH) receptors in the growth plate indicates the 
beginning of the OH-dependent phase of growth which continues throughout childhood 
(Hindmarsh et al., 1987). Control of the pubertal growth phase, and particularly the 
characteristic growth spurt, can be attributed to a combination of an increase in GH and 
the release of sex steroids by the gonads, prompted by the maturation of the 
hypothalamic-pituitary-gonadal (HPG) axis (Ellison, 2002). 
Growth hormone is considered to be the key hormone regulator of linear growth in 
childhood through its actions on the growth plate (Juul, 2001). Growth hormone 
releasing hormone (GHRH), released by the hypothalamus, acts on the anterior pituitary 
gland to stimulate the release of GH, whose effects on bone are mediated by insulin-like 
growth factor-! (IGF-1) (Daughaday et al., 1972). In the original 'somatomedin 
hypothesis' (Daughaday et al., 1972) it was proposed that GH's primary effect on bone 
was to stimulate IGF-1 production by the liver. IGF-1 in turn stimulates the expansion of 
growth plates. More recent work has suggested that GH also exerts a direct effect on the 
growth plate by increasing the production of chondrocytes and stimulating the local 
synthesis ofiGF-1 (Ohlsson et al., 1998). The functional relationship between GH and 
IGF-1 and their actions on the growth plate is still uncertain (Karsenty and Kronenberg, 
2003), although work in mice suggests the two hormones to be both independent and 
additive in their action (Lupu et al., 2001). IGF-1 can increase bone growth in the 
absence of GH action (Laron, 200 I) and GH alone has been shown to increase the length 
of bones in mice where IGF-1 genes are defective (Lupu et al., 2001). 
Whilst the interaction of GH and IGF-1 is necessary for linear bone growth it is the sex 
steroids, released during puberty, that are essential for the maturation and fusion of the 
epiphyses (Frank, 1995). The release of these sex steroids is prompted by the maturation 
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of the HPG axis, the central feature of human puberty (EIIison, 2002). At birth the 
hypothalamus is inhibited from producing gonadotrophin-releasing hormone (GnRH) by 
the negative feedback action of small amounts of sex hormones secreted by the gonads 
(Kaplan, Grumbach & Shepard, 1969). The release of GnRH remains inhibited until the 
' 
onset of puberty when a change occurs in the sensitivity of the hypothalamic receptor 
cells such that small amounts of sex hormones are no longer sufficient to inhibit the 
release ofGnRH (Donovan and van der Werfften Bosch, 1965; Critchlow and Bar-Sela, 
1967). GnRH is thus secreted, initially at low frequency and largely at night (Marshall et 
al., 1991). Blood follicle stimulating hormone (FSH) and luteinising hormone (LH) rise 
as the frequency of GnRH pulses rise, causing the secretion of the sex steroids to 
increase. Sex steroids continue to exert a negative feedback effect on the release of 
GnRH. As puberty progresses, the sensitivity of the pituitary decreases and higher levels 
of sex steroids are required to inhibit GnRH release (Kelch et al., 1973). 
Oestrogen has been shown to affect growth at both high and low levels, with maximum 
stimulation occurring at low levels. At low levels, oestrogen stimulates bone growth 
directly at the growth plate. At higher levels oestrogen stimulates the development and 
maintenance of secondary sexual characteristics and epiphyseal fusion (Juul, 2001 ). The 
role of oestrogen in epiphyseal fusion is particularly demonstrated in males with either 
oestrogen resistance or aromatase deficiency (an inability to synthesise oestradiol from 
testosterone). These males do not exhibit the expected adolescent growth spurt and 
epiphyseal fusion does not take place. This leads to continued growth into adulthood and 
consequent tall stature (Frank, 1995). Frank (1995) also suggests that the more rapid 
epiphyseal fusion demonstrated in pre-pubertal girls (vs. boys) may be explained by 
their higher oestradiol levels. The effects of testosterone are less well defined although it 
is known that an increased dose of testosterone causes increased velocity of skeletal 
maturation (Tanner et al., 2001 ). It is hypothesised that the aromatisation of testosterone 
to oestradiol (particularly in males) is the most important component in skeletal 
maturation (Frank, 1995). 
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The somatotrophic axis (GH and IGF-1) and the HPG axis are inextricably linked during 
puberty and consequently in their action on bone. Both oestradiol and testosterone affect 
GH production by augmenting the pulse amplitude of GH release (Ho et al., 1987). In 
normal adolescence low doses of oestrogen result in increased GH and IGF-1 levels 
(Cuttler et al., 1985). In pre-pubertal boys testosterone has been shown to increase 
circulating IGF-11evels (Blizzard et al., 1989). GH and IGFs also have stimulating 
effects on gonadal steroid levels although the exact action of GH secretion is still 
unknown (EIIison, 2002). It has been suggested that gonadal steroids act directly at the 
pituitary level to stimulate GHRH secretion (Caufriez, 1997). This highlights the close 
interaction and the synergistic relationship that exists between these hormones during 
puberty and skeletal maturation. 
Other hormones that are known to exert effects on skeletal maturation include thyroid 
hormone and glucocorticoids. The thyroid hormone axis includes central nervous 
system, hypothalamic, and pituitary components (Parks, 2002). Cells in the 
paraventricular nucleus of the hypothalamus produce tripeptide gly-his-pro thyrotrophin-
releasing hormone (TRH). TRH acts on the anterior pituitary to promote the release of 
thyroid stimulating hormone (TSH). TSH stimulates the secretion of thyroid hormone 
(T 3) by the thyroid gland. 
T3 is an important regulator of bone and mineral metabolism in the adult (AIIain and 
McGregor, 1993). T3 binding sites were originally identified in rat osteoblast cells 
(Rizzoli et al., 1986) and have since been identified in human foetal epiphyseal 
chondrocytes (Carrascaso et al., 1992). The direct action ofT3 on the growth plate is 
demonstrated in rats with hypothyroidism who show shortened proliferative layers of 
chondrocytes (Stevens et al., 2000). In humans, T 3 receptors in the osteoblasts and 
osteoclasts involved in active bone remodelling are affected by abnormalities in thyroid 
status, leading to imbalances in bone turnover (Abu et al., 1997). In vitro studies have 
shown the growth plate's response to T3 is to increase the conversion of proliferating to 
hypertrophic chondrocytes (Robson et al., 2000). Untreated hypothyroidism results in 
profound growth retardation and delayed skeletal maturation (Williams et al., 1998). 
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In the glucocorticoid axis, cells of the hypothalamus secrete corticotrophin-releasing 
hormone. The production of corticotrophin is stimulated by the action of the releasing 
hormone on the corticotropes. Corticotrophin enters the systemic circulation and acts on 
the adrenal cortex to stimulate the production and release of cortisol (Parks, 2002). In 
bone, glucocorticoids (GCs) act to suppress osteoblast formation by accelerating 
apoptosis (Weinstein, 2001 ). GCs also suppress the expression of collagen-! which is 
essential to mediate osteoblast function (Pereira et al., 2001). 
Glucocorticoids are central to the treatment of inflammatory and immune disorders such 
as asthma, inflammatory bowel disease and leukaemia. Studies in children receiving 
long-term corticosteroid treatment for these disorders show consistently that GC 
administration is associated with reduced longitudinal bone growth and overall bone 
turnover (Crofton et al., 1998; Crofton et al., 2000). Height and skeletal maturation are 
often retarded to the same degree in GC treatment (Prader et al., 1963). Following the 
withdrawal of treatment, markers of bone turnover have been shown to increase as has 
growth (Hyams at al., 1989) and catch-up velocity of both height and bone age may take 
places (Prader et al., 1963). 
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2.3 Skeletal Maturation and the Events of Puberty 
The collection of detailed measures of both skeletal maturity and pubertal development 
in the Bt20 cohort affords a study of the relationship between the two processes of 
maturation. Theoretically, a strong relationship between skeletal maturation and pubertal 
development would imply a shared controlling mechanism. Significant association 
between measures of somatic, skeletal and pubertal growth would also allow judgements 
of an individual's maturity to be made based on a single measurement. Section 2.2.2 
reviewed the link between the somatotrophic axis and the HPG axis during puberty. This 
section gives an overview of the events of puberty before reviewing evidence for a 
relationship between skeletal maturity and the onset of puberty, menarche and peak 
height velocity. 
2.3.1 Events of Puberty 
The events of human puberty and their typical sequence are summarised in figure 2.3 
according to Tanner staging methodology (Marshal! & Tanner, 1969, 1970). Tanner 
staging is the most widely accepted assessment scale for pubertal development 
(Cameron, 2002). Tanner staging divides the processes of breast development in girls, 
genitalia development in boys and pubic hair development in both sexes into five stages. 
The criteria defining each of the stages are shown in more detail in section 3.3.5.1. The 
secondary sexual characteristics associated with pubertal development, such as 
appearance of pubic and auxiliary hair, breast development in females, voice changes in 
males, and accelerated linear growth result from rising sex steroid levels during puberty. 
Sex steroids are released from the ovaries in females and the testes in males upon 
receiving stimulation from LH and FSH released from the pituitary gland. 
During puberty, height velocity increases and the maximum velocity in statural growth 
during adolescence is referred to as peak height velocity (PHV). PHV typically occurs in 
females in breast stage three/pubic hair stage three (B3/PH3) (Marshall & Tanner, 
1969). In boys it occurs later, typically in genitalia stage four/pubic hair stage four 
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(G41PH4) (Marshall & Tanner, 1970). PHV occurs around 11.5 years in girls and 13.5 
years in boys (Carswell & Stafford, 2007). Growth during the year ofPHV in females 
averages 9 cm/yr (range 5.4-11.2 cm/yr) and in males averages 10.3 cm/yr (range 5.8-
13.1 cm/yr) (Carswell & Stafford, 2007). 
Menarche 
~ Peak <S Peak 
Height Height 
Velocity Velocity 
Childhood ~~ Adulthood 
b~ I! I , I , 1· I , I 
Peri-Pubertal Pre-Pubertal r 
Initiation of pubertal 
development 
Process of pubertal development 
Post-Pubertal 
Figure 2.3: Events of puberty according to Tanner Stage (from Jones, 2008) 
Menarche, or the first appearance of menstrual bleeding, occurs in response to rising 
estradiollevels (Ellison, 2002). The pulsatile secretion of GnRH from the hypothalamus 
stimulates the pituitary gland to release luteinizing hormone which acts upon the ovaries. 
Increased LH stimulation during puberty leads to an increase in ovarian steroid 
production until levels of estradiol are sufficient to stimulate endometrial proliferation. 
Marshall and Tanner (1969) reported that menarche occurred in the average female 
during B4/PH4, although individual variation is large. 
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2.3.2 Skeletal Maturity and the Onset of Puberty 
Marshall (1974) studied associations between skeletal maturation and pubertal events in 
boys and girls from the Harpenden Growth study, London. The Tanner-Whitehouse 
(Tanner et al., 1962) method of assessing skeletal maturity (introduced in section 2.4) 
was used alongside the Tanner Staging technique for the assessment of pubertal 
development. Variability in skeletal age was compared to variability in chronological 
age at each event of puberty. In females skeletal age was less variable than chronological 
age at entry into B2 (chronological age 11.0 ± 1.07 years vs. skeletal age 10.9 ± 0.97 
years) although the difference in variation was not significant. In males, upon entry into 
G2, skeletal age was more variable than chronological age (chronological age 11.5 ± 
1.07 years vs. skeletal age 11.5 ± 1.24 years). Although this study used relatively large 
sample sizes (n=74 females, n=97 males) Tanner stage was assessed using photographs 
of the children rather than in vivo physician assessment, which may have led to some 
inaccuracies in assessing pubertal stage, especially in the early stages of pubic hair 
development. 
Flor-Cisneros et al. (2004, 2006) assessed the relationship between bone age and the 
onset of puberty in both normal males and those exhibiting a range of disorders known 
to alter maturational tempo, including congenital adrenal hyperplasia and idiopathic 
short stature. In those exhibiting a delay or acceleration in pubertal development, a delay 
or acceleration in skeletal maturity of the same magnitude was observed (Fior-Cisneros 
et al., 2004). In 30 normal males, however, there was no significant correlation between 
skeletal advancement and pubertal advancement (r=O.O 1, p=0.9). Bone age was 
assessed yearly using the Fels method and pubertal onset measured by yearly serum 
testosterone assays. The chronological age at the onset of puberty was 11.4 years± 0.8 
years and the bone age was 11.0 ± 1.5 years. The results agree with Marshall's 
conclusion that the initiation of breast and genitalia development is under differing 
control to that of skeletal maturation (Marshall, 1974). The reason for the contrasting 
results presented by these authors may be as a result of the sample sizes used. The boys 
exhibiting abnormal maturational tempos showed far greater variation in bone age 
compared to the normal boys, and the authors suggest this lack of variability in bone age 
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may cause a correlation to be missed in such a small sample size as the 30 normal boys 
assessed. Bone age and pubertal status were also measured yearly, making it difficult to 
assess the onset of puberty without the possibility of large error. 
Biiken et al.(2007) collected data on 1200 Turkish school children. Skeletal age and 
chronological age were correlated with the stage of breast or pubic hair development in 
females. Correlations were stronger with skeletal age and breast stage and pubic hair 
stage than between these stages and chronological age (skeletal age and pubic hair stage 
r=0.765, p<O.OOl; breast stage r=0.633, p<O.Ol). Correlation between chronological age 
and skeletal age was 0.882 (p<O.OOl). In males, the correlation between skeletal age and 
pubic hair stage was greater than that between chronological age and pubic hair stage 
(skeletal age and pubic hair stage r=0.791, p<O.OOl). Genital stage was more strongly 
correlated with chronological age than skeletal age although the correlation was still 
strong (skeletal age and genital stage r=0.792, p<O.OOl). Correlation between 
chronological age and skeletal age in males was 0.90 (p<O.OOl). The correlations 
reported here were much higher than in previous studies of maturation and may be 
attributed to the use of physician assessment of pubertal stage rather than a photographic 
method or self-reported ratings. 
2.3.3 Skeletal Maturity and Menarche 
Associations have consistently been shown between skeletal age and age at menarche in 
females. Several early studies of skeletal maturity showed that girls who are skeletally 
advanced also experience early menarche (Flory, 1936; Shuttleworth, 1937; Buehl & 
Pyle, 1942; Simmons and Greulich, 1943). Anderson, Hwang and Green (1965) showed 
that the range of skeletal ages in which menarche occurred was 11.5 to 14.5 compared 
with a range of 10.8 to 15.83 chronological years. These findings suggest skeletal age to 
be a more accurate predictor of age at menarche than chronological age. Marshall 
(1974) reported skeletal age at menarche to be significantly less variable than 
chronological age (chronological age 13.2 ± 0.84 years vs. skeletal age 13.3 ± 0.39 
years, p<O.OOl). It was also shown that 50 out of 59 girls experienced menarche when 
their bone ages were between 13 and 14 'years' according to the Tanner and Whitehouse 
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method. Demirjian et al. (1985) followed 50 French-Canadian girls for 11 years and 
showed a positive correlation between menarche and 75% skeletal maturity (r=0.40, 
p<0.01). More recently, Biiken et al. (2007) showed the correlationbetween menarche 
and skeletal maturity to be stronger than the correlation between menarche and 
chronological age (menarche and skeletal maturity r-0.707, p<0.01; menarche and 
chronological age r=0.673, p<0.01). 
2.3.4 Skeletal Maturity and Peak Height Velocity 
Several human growth studies have shown that the timing of the pubertal growth 
velocity peak in statural height is closely related to specific ossification events observed 
in the hand and wrist, particularly the ossification of the adductor sesamoid of the thumb 
and the ulnar sesamoid (Bjork and Helm, 1967; Grave and Brown, 1976; Onat and 
Numan-Cebeci, 1976; Hagg and Taranger, 1980). 
Only one study has considered the relationship between peak height velocity and Tanner 
and Whitehouse skeletal maturity. Marshall (1974) observed skeletal age at 95% mature 
height to be significantly less variable than chronological age at 95% mature height. In 
females, 95% mature height was achieved at a chronological age of 12.8 years± 0.77 
years and a skeletal age of 13.0 years± 0.27 years (p<O.OOl). In males, 95% mature 
height was achieved at a chronological age of 14.6 years± 0.74 years and a skeletal age 
of 15.1 years± 0.30 years (p<0.001). 
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2.4 Assessment of Skeletal Maturity 
Skeletal age is a commonly used indicator of physiological maturity, traditionally 
assessed by radiography of the hand and wrist. Since the introduction of the first 
assessment method in the 1930's, techniques for the assessment of bone age have been 
developed and updated to reflect the changing needs of the medical and academic 
community. This section describes both the historical development of assessment tools 
and the contemporary techniques available. More detail is provided on the Greulich-Pyle 
Atlas technique (1959) and the Tanner and Whitehouse technique (1962), the two most 
commonly used methods of assessment. 
2.4.1 Historical Overview 
The fact that maturation is a continuum necessitates the use of 'maturity indicators'; 
discrete events that can be identified during the maturational process, to assess 
individuals and draw comparisons between them. The use of maturity indicators to 
assess skeletal maturation can be primarily attributed to the work of Win gate Todd 
(1937). Todd's extensive research into the growth and development of bone provided the 
basis for the techniques relied upon in today's academic and clinical practice. 
Previous to Todd's work, techniques for assessing the maturation of bone relied upon 
the appearance of ossification centres. Todd suggested that although the appearance of 
ossification centres indicated increasing maturity, skeletal maturity is more accurately 
indicated by the progressive changes in shape and structure of the bony epiphyses, 
carpals and tarsals. When epiphyses fuse with shafts, the degree and mode of penetration 
of the bone into the cartilaginous epiphyseal plates is also an important indicator. Todd's 
atlas (1937) was constructed from the hand-wrist radiographs of 1000 children from the 
Brush Foundation Study of Human Growth based in Cleveland, Ohio. Radiographs were 
grouped according to chronological age and arranged in order of increasing maturity. 
The film demonstrating the modal maturity for the age group was then displayed in the 
atlas and the particular maturity indicators for that stage described. Researchers then 
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matched unknown radiographs to the film most similar in the atlas to estimate skeletal 
age. The work of Todd was continued by Greulich and Pyle who published their atlas of 
skeletal maturation in 1959, again based on information from the Brush Foundation 
Study in Cleveland (Greulich & Pyle, 1959). Although used as a reference for many 
years, the increase in racial diversity and changing nutrition and behaviour of children 
today limits its use for assessing maturation in contemporary populations. 
Bone-Specific scoring techniques aimed to reduce the inaccuracies caused by the atlas 
technique's assumptions that all the bones of the hand mature at the same rate and that 
chronological age can be accurately related to skeletal maturity. Acheson's Oxford 
Method was the first to be published in 1957, derived from the radiographs of 500 
preschool children from Oxford (Acheson, 1957). Acheson suggested a scoring method 
that was independent of the age of the child whereby each bone was assessed 
individually and a score given according to the appearance of particular maturity 
indicators. By summing the scores for each individual bone an overall score for bone 
maturity could be assigned. Acheson's method, however, suggested that each of the 
stages were numbered I, 2, 3 .... This did not take into account that the passage from one 
stage to the next may involve very different changes in maturity in different bones. 
Although this technique is not used today, this method prompted the work of Tanner and 
colleagues to develop one of rating systems most commonly used today. 
The Fels Hand-Wrist technique was developed in the 1980's from i3,823 serial hand-
wrist radiographs of children from the Fels Longitudinal Study, Ohio, USA taken 
between 1932 and 1972 (Roche et al., 1988). The technique relies on 98 graded 
indicators of skeletal maturity and 13 metric indicators of length. The Fe is method 
differs from others in that at any chronological age on 25-30% of the indicators are 
actually used. This is due to the authors' suggestion that there is only a short age range 
in which some indicators provide useful information. The scores obtained are analysed 
with a microcomputer program that then provides the skeletal age and the standard error 
of estimation for that skeletal age. The Fels method differs considerably from the 
Greulich-Pyle technique and the Tanner and Whitehouse methods in the observations 
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made, the range of shapes to which maturity indicator grades are applied and the 
statistical methods used to construct the skeletal maturity scale. Critics of the method 
suggest that the technique is unsuitable for use due to the susceptibility of its reference 
population to secular change (Cameron, 2003). 
Ideally any method for assessing skeletal maturation should incorporate references for 
each relevant population, although in practice this is not possible. The choice of method 
has important implications for the outcome and several papers have discussed the 
comparability of methods. The technique used should have a reference population as 
close as possible to the population in question. The most recent methods should also be 
given preference to those more dated to take into account secular trends. 
2.4.2 The Greulich-Pyle Atlas Technique 
The Greulich- Pyle Radiographic Atlas of the Hand and Wrist (1959) is a continuation 
of work started by Todd (1937). The Brush Foundation study, based in Cleveland, Ohio, 
began in 1931 by enrolling three month old infants. In each successive year children 
ranging from three months to fourteen years old were enrolled until 1942 when the 
project terminated. All the children enrolled were White, all had been born in the USA 
and almost all were ofNorth European ancestry (Greulich & Pyle, 1959). The children 
were examined longitudinally; at three month intervals during the first postnatal year, at 
six month intervals between the age of 12 months and five years and annually until 14 
years. At each examination the children were measured for height and weight and X-ray 
films were taken of the left shoulder, elbow, hand, hip, knee, and foot. 
The atlas was compiled using 1,000 serial radiographs of the children of the study. Each 
standard film in the atlas was selected from 100 radiographs of the same age and sex. 
The intended graphic method for assessment involves plotting the skeletal age of 
individual bones of the hand seen in successive films of an individual child. In a 
radiographic film of a child with repeated serious illness the difference between the most 
and least mature skeletal features is often marked. As a child recovers, the degree of 
difference in maturity of the skeletal features is reduced as the child progresses towards 
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the developmental equilibrium associated with good health and adequate nutrition 
(Greulich & Pyle, 1959). The Greulich-Pyle (GP) Atlas technique therefore involves 
identifying any increase or decrease in the difference between the most and least mature 
bones of the hand and wrist in serial radiographs of an individual child. From this the 
child's health and developmental status can be inferred. 
Where serial radiographs of a child are not available, for example in a diagnostic 
environment, the GP Atlas is used as a reference with which to compare individual X-
Ray films. An individual radiograph is effectively matched with the standard atlas film 
that bears the most resemblance to the radiograph in question and the corresponding 
'bone age' is assigned. 
There are limitations to the use of the GP Atlas technique. As the atlas was created using 
films of children collected between 1931 and 1942 the applicability of these references 
to contemporary children must be questioned. Evidence of secular trends in growth and 
maturation (Ulijaszek, 2001) suggest that these references may be outdated and therefore 
cause inaccuracies when assessing skeletal maturity. In addition, the reference 
population was limited to White Americans. Although the study was based on a non-
clinical sample, the children enrolled in the study were admitted only upon the request of 
a paediatrician, indicating that the children enrolled were from families of above average 
economic and educational status (Greulich & Pyle, 1959). Recent studies have 
highlighted the problems faced when applying the GP references to contemporary 
populations, suggesting that there are particular inaccuracies in the assessment of Black 
females (Loder et al., 1993, Mora et al., 2001 ), Hispanic females, and Asian and 
Hispanic males (Ontell et al., 1996). 
Despite the obvious limitations in the use of the GP technique it remains the most 
commonly used technique for assessing skeletal maturity. It was reported that 76% of 
paediatricians derived bone age from a simple atlas matching technique, whereas only 
20% utilised the more sophisticated methods described by Tanner and Whitehouse 
(Buckler, 1983). 
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2.4.3 The Tanner and Whitehouse Method 
The Tanner and Whitehouse method is a systematic evaluation of the maturity of each 
individual bone of the hand and wrist. Based on 3000 normal British boys and girls of 
the Harpenden Growth Study, Tanner and Whitehouse produced their first bone-specific 
scoring technique, known as TW I, in 1962 (Tanner et al., 1962). This was later revised 
to become TW2 in 1983 (Tanner et al., 1983) and TW3 in 2001 (Tanner et al., 2001), 
demonstrating the author's awareness of ongoing secular trends in skeletal maturation. 
The TW method is based upon the assignment of grades (A-I) to each individual bone. 
Numerical scores specific to each bone are attached to the grades and these are summed 
to provide the overall maturity score which ranges from 0-100, in essence representing 
the transition from immaturity to 100% maturity. Statistical weighting is used to 
minimise disagreement between bones caused by differing rates of ossification, 
determining skeletal maturation more accurately. Rays two and four of the metacarpals 
· and phalanges are omitted from the score to prevent weighting of the scores in favour of 
the long bones. Further weighting of the bone scores allows the overall maturity score to 
be derived equally from the metacarpals and phalanges (the long bones) and the carpal 
bones (Cameron, 2003). 
The rationale for the system was dissatisfaction with the creation of a maturity system 
based upon chronological age (Cameron, 2003). Instead, Tanner and Whitehouse created 
a system whereby the relationship between maturity and chronological age could be 
studied and standards for a given population produced. Using the TW1 technique 5000 
radiographs of British children were rated and their scores were used to compile 
population standards. The resulting curve demonstrated the non-linear relationship 
between chronological age and skeletal maturity, reinforcing the need for a technique of 
this kind (Tanner et al., 1962). 
The TW2 technique for skeletal age assessment superseded TW1 iri 1983. Based on the 
same standardising population the TW2 technique took into account the constraints of 
TW1. Instead of creating a final maturity score based equally upon the long bones and 
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the carpal bones, three types of Bone Age were suggested: an RUS score (taking into 
account the radius, ulna and short bones), a Carpal score, and a third TW2(20) score 
which combines both scores. This was based upon the knowledge that the carpal bones 
are not known to play a significant role in growth in height or in epiphyseal fusion and 
therefore should not be relied upon for 50% of the final maturity score (the TW2(20) 
score was abolished later for this reason). The bone scores were also re-weighted to take 
this into account in the calculation of skeletal maturity. Boys and girls were analysed 
separately throughout as it was discovered that their scores differ systematically (Tanner 
et al., 1983). Therefore, since the scores differ, a given radiographic appearance of the 
20 bones does not indicate the same maturity in both sexes. 
The self-critical approach of the authors in creating TW21ed to a further update of the 
method in 200 I. The authors were acutely aware of the secular trends occurring in 
growth and therefore updated the reference charts to include more recent data from 
North America and Europe (the Zurich Longitudinal Growth Study). The change in 
reference populations increased the applicability of the technique in populations other 
than UK children. The 20-bone score was abolished on the grounds that the combination 
of carpal and RUS scores had little use in paediatric and research settings (Tanner et al., 
200 I). The authors also changed the conversion of the scores to bone age and the TW3 
bone ages are approximately a year in advance ofTW2 bone ages from ages 10-11 
upwards (Tanner et al., 200 I). 
Limitations to the TW method of assessing skeletal maturity lie in its practical 
applications. The system must be learned and assessors must validate their scoring with 
another trained assessor in order to ensure reliability in the use of the technique. The 
actual assessment of a hand-wrist radiograph is time consuming until an assessor is very 
familiar with the technique and the criteria for the assignment of grades to each bone. 
For this reason most physicians in a clinical setting still prefer to use the GP technique 
(1959), comparing a radiograph to standards in the atlas, although the TW3 method 
offers greater reliability in the calculation of skeletal maturity. 
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2.4.4 Bilateral Symmetry of Skeletal Maturation of the Hand and Wrist 
The references for the study of skeletal development are based mainly on studies of the 
left side of the body (Flory, 1936; Todd, 1937; Greulich & Pyle, 1959). This is in 
accordance with the custom long-established in physical anthropology of taking 
measurements on the left rather than the right side of the body. In view of this 
widespread practice it is necessary to question whether or not the ossification of one side 
of the body or of one hand is truly representative of development bilaterally. 
Flory (1936) reported that differences in skeletal maturation between the hands are, for 
practical purposes, insignificant. Nevertheless many investigators have noted the 
presence of bilateral asymmetry in the maturation of the skeleton, often incidental to 
their studies of other aspects of skeletal maturation. Few studies have attempted to 
express such differences quantitatively. Long and Caldwell (1911) and Menees and 
Holly (1932) both noted bilateral asymmetry in the development of the hand and wrist 
whereas other studies agreed with the findings of Flory ( 1936) and suggested no 
differences in the rate of maturation could be found between the two hands (Baldwin, 
1921; Sawtell, 1929; Pryor, 1936). 
The majority of the studies identified use the presence or absence of ossification centres 
as the sole criterion for maturation. This practise not only restricts an investigation to the 
initial stage of skeletal maturation but also fails to take into account those instances 
where a centre is present on both sides of the body but differs in its configuration on the 
two sides. The maturity indicators system of Greulich and Pyle (1959) has been applied 
to the qualitative evaluation and comparison of bilateral symmetry of the hand and wrist. 
Baer and Durkatz ( 1957) assessed bilateral asymmetry occurring during the first three 
stages of skeletal maturation of the centres of the hand and wrist. They found no 
significant bilateral asymmetry between the right and left hand. In both sexes the carpals, 
taken as a group, showed a considerably higher percentage of asymmetry than the 
epiphyses of the metacarpals or phalanges. Dreizen et al. ( 1957) studied bilateral 
asymmetry in the hand and wrist from the time of appearance of the ossification centres 
through all the stages of skeletal maturation until epiphyseal fusion had been achieved. 
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They compared the right and left hand-wrist films of 450 White children who had been 
seen consecutively at the Nutrition Clinic of the Hillman Hospital, Birmingham, 
Alabama. The series included 227 boys and 223 girls, ranging in age from one month to 
16 years 11 months. Results showed that the skeletal age of the right hand exceeded that 
of the left in 52% of the 450 cases. In 26% the skeletal ages were identical and in 22% 
the left hand surpassed that of the right. In 435 children of the Brush Foundation 
Research series, Greulich and Pyle (1959) found no bilateral asymmetry in mean skeletal 
age of the two hands in 96.3% of children. 
The present consensus on bilateral asymmetry of skeletal development in the hand and 
wrist is that divergences in the overall skeletal maturation of the two hands are 
negligible. This conclusion is of considerable practical importance as it indicates that, in 
group studies, when skeletal maturation is to be evaluated only one hand and wrist need 
be radiographed; thus reducing radiation exposure and cost. 
2.4.5 Development of the Hand as an Indicator ofthe Maturation ofthe Whole 
Skeleton 
Authors favouring the hand and wrist in the study of skeletal maturity have assumed that 
it is representative of the maturation ofthe skeleton as a whole and have frequently used 
a radiograph of this site alone to assess individuals and population groups. Others have 
argued that a part of the skeleton is no substitute for the whole and that to assess the 
developmental status of the postnatal skeleton, the skeleton must be sampled in all 
regions and parts. 
The hand has received most attention in current and historical literature and 
radiologically is one of the most studied parts of the skeleton. Methods for the 
assessment of skeletal maturation from the hand and wrist (Flory, 1936; Todd, 1937; 
Greulich & Pyle, 1950, 1959) have been available for a longer time than for other areas 
of the body. An atlas for the knee (Pyle & Hoerr, 1955) and for the foot and ankle 
(Hoerr, Pyle & Francis, t'962) were produced later. The hand presents a large number of 
primary and secondary ossification centres in a relatively small area and technical 
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difficulties in the radiography of the hand and wrist are minimal. The hand is relatively 
easily positioned, even in the young, and, with reasonable precaution, radiation to the 
remainder of the body is minimal making it convenient and safe for large population 
studies. 
Those authors who have considered the hand skeleton alone to be representative of total 
skeletal development include Pryor (1925), Flory (1936), Todd (1937), Bayley (1943) 
and Simmons (1944). Todd (1937) believed that in healthy children the skeleton matured 
evenly. In children of good health, he found that radiographs of six areas (the hand, foot, 
elbow, knee, shoulder and hip) all yielded approximately the same rating of maturity. 
Simmons (1944) assessed the maturation of six areas of the skeleton according to Todd's 
published standards for the hand (1937) and his unpublished standards for the foot, 
elbow, knee, hip and shoulder. In most age groups 5-14 years, the mean skeletal age for 
the hand is similar to the mean skeletal age for all six areas combined. The standard 
deviations for the averages of the six areas are, however, consistently lower than the 
standard deviations of the hand assessments. These data suggest that in the study of large 
groups of children the skeletal age which results from assessment of the hand alone is 
not appreciably different from the skeletal age obtained by combining assessment of six 
different body areas. 
Gam, Rohmann, Silverman, and co-authors (1960, 1961, 1964, 1967) have consistently 
maintained that a system of appraisal based upon the hand and wrist alone would not be 
as representative of skeletal maturity as a system that samples the whole skeleton. 
Working on the Pyle-Sontag (1943) assumption that the hand contributes 28 out of 60 
centres in the appendicular skeleton, Gam and Rohmann (1960) calculated correlation 
coefficients for the times of appearance of the various centres. Correlations of 0.7- 0.8 
were found between the number of hand-wrist centres present at a particular age and the 
total number of centres present in the appendicular skeleton. When they correlated the 
hand with the foot-knee-elbow-shoulder-hip summation the correlation coefficient 
dropped to 0.3-0.4 and below. This led to the conclusion that appearance of ossification 
centres in the hand and wrist is not representative of the remainder of the appendicular 
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skeleton at the ages of2-6 years. Gametal. (1967) correlated the age of appearance of 
71 postnatal ossification centres with that for every other centre: 4970 correlations in 
total. They grouped the correlations by body part and found that the hand did not exhibit 
significantly higher communality (mean r) than the foot, shoulder, hip; elbow or knee. 
They considered that communality in the age of appearance of postnatal ossification 
centres throughout the skeleton was too low for any part of the skeleton to be used 
independently as a representation of the skeleton as a whole. 
Gam and colleagues have produced a convincing case to support their contention that 
the hand-wrist is not representative of the skeleton as a whole. However, their studies 
have all been confined to the onset of ossification and the fusion of epiphyses. They 
have not considered the shape changes or maturity indicators that occur between the 
initial and final stages of the ossification process. No contemporary studies have been 
completed using bone-specific scoring methods. 
Gametal. (I 967) criticised the data of Simmons ( 1944). They suggest that as her 
comparisons simply involve the mean skeletal age for the hand and other body parts, the 
method does not measure the inter-part differences within individuals. However, 
Simmons has shown clearly that, in large groups of children at different stages of 
development, the mean skeletal age for the hand does not differ greatly from the mean 
skeletal age obtained by averaging the skeletal age assessments of six areas. Simmons 
(1944) also used maturity indicators, and therefore finer parameters, than did Gam and 
his colleagues. 
It would therefore appear, from the review of literature in this area, that in the clinical 
appraisal of an individual child, radiological study of more than one area of the skeleton 
is necessary (Gametal, 1960, 1961, 1964, 1967). This would be essential in children 
with endocrine disorders who may have increased disparity between different areas of 
the skeleton (Gam, Silverman & Rohmann, 1964). In the case of population studies 
however, as the work of Simmons (1944) indicates, the use of the hand skeleton alone is 
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adequate. The additional expense and radiation exposure entailed in a radiological study 
of more than one region of the body is often not justifiable in such studies. 
2.4.6 Sexual Dimorphism in Skeletal Development 
It has long been known that females are physically more mature than males at all ages 
from birth until adulthood (Tanner, 1962). Pryor (1923, 1925) was the first to 
demonstrate that sexual dimorphism is manifest in the process of skeletal maturation. 
Pryor (1925) found that the metacarpal and phalangeal epiphyses in the female hand 
appear decidedly earlier in females than in males. His examination of a group of older 
children then revealed that the epiphyses in the hand fused around three years earlier in 
the female than in the male. 
The ossific precocity of the female received support form the studies of Adair and 
Scammon (1921), Paterson (1929), Menees and Holly (1932), and Francis and Werle 
(1939). All of these studies observed White Caucasians. Female precocity was also 
identified in skeletal maturity research in South African Coloured people (Dommisse 
and Leipoldt, 1936), the South African Black population (Beresowski and Lundle, 1952) 
and South African Indian children (Koen, 1955). 
As age advances the sex difference between males and females increases. At birth 
females are advanced by a matter of weeks, at 6-8 years by months and at adolescence 
by approximately two years (Tanner, 1962). These sex differences are of sufficient 
magnitude to warrant separate standards of skeletal maturation for males and females 
throughout the period from infancy to early adulthood. 
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2.5 Factors Influencing Skeletal Maturation 
Variation in the rate of skeletal maturation between individuals and populations has been 
attributed to an interaction between genetics, environment, nutritional factors and socio-
economic status (Root, 1990; Schmeling, 2000). Heritability of skeletal maturity and the 
effects of over-/under-nutrition are introduced briefly as measures of genetics and 
nutrition are not available from the Bt20 dataset. The availability of detailed information 
on growth during infancy and childhood and the socio-economic status of the Bt20 
children facilitates an in-depth study of these factors and existing literature on these 
topics is reviewed in more detail. Secular trends in maturation are also considered. 
2.5.1 Heritability of Skeletal Maturation 
Like other aspects of human growth, the rate of skeletal development is partially 
determined by genetics. A number of studies have been made ofthe genetic control of 
skeletal maturation, considering mono- and dizygotic twins, siblings, cousins and pairs 
of unrelated individuals. The majority of studies of heritability in skeletal maturity have 
considered correlations in the timing of appearance of ossification centres in the hand 
and wrist. 
Reynolds (1943) determined the correlations between times of appearance of38 
epiphyseal centres in identical twins, siblings, first cousins and unrelated persons 
between birth and 6.5 years of age. The correlation in identical twins was 0. 71 (mean r 
value), siblings 0.28, first cousins 0.12, and unrelated persons -0.01, showing identical 
twins to have the highest correlation in the timing of appearance of ossification centres. 
This finding was also reported by Sontag and Lipford (1943) and Hewitt (1957). 
One of the most comprehensive studies of the genetic control of skeletal maturation rate 
is that ofGam, Rohmann and Davies (1963). The subjects of the study were participants 
in the Fels Longitudinal Study, based in Ohio, USA and were a White, healthy, well-
nourished population. The investigators collected a unique two-generation longitudinal 
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series of radiographs, enabling them to compare parent-child ossification timing. 
Radiographs of the hand-wrist had been taken of both groups at identical ages during 
childhood. 72 parent-child pairings were included in the study along with 318 sibling 
pairs, four pairs of dizygotic twins and seven pairs of monozygotic twins. Parent-child 
correlations in the rate of hand-wrist ossification were lowest, averaging 0.32. Sibling 
correlations were higher, averaging 0.40 in siblings of different sexes, 0.39 in brother-
brother pairs and 0.62 in sister-sister pairs. In dizygotic twins, where the sex was not 
reported, the mean r value was 0.20, although this may have been a result of the low 
number of dizygotic pairs included in the study. Monozygotic twins showed a mean 
correlation of0.88. When the ossification timing of individual centres of the hand and 
wrist was considered the same trend occurred. A progressive increase in communalities 
of ossification timing can therefore be observed as the number of genes held in common 
by the subjects is increased. 
A further study of participants of the Fels Longitudinal Study modelled the heritability 
of skeletal maturity in children from 3 to 15 years old (Towne et al., 1999). A total of 
6893 annual skeletal age assessments from 807 children were included in the analysis. 
The results showed that correlations were high between skeletal age at different 
chronological ages when the chronological ages were close together (e.g. the correlation 
between skeletal age at 3 years and skeletal age at 4 years in the same individual was 
0.96) but these correlations decreased as the two chronological ages studied were further 
apart (e.g. the correlation between skeletal age at 3 years and skeletal age at 15 years 
was 0.56). Heritability remains high during early puberty but falls during late puberty. 
2.5.2 Nutritional Status and Skeletal Maturity 
Both animal studies and studies of malnourished children have shown that under-
nourishment slows skeletal maturation significantly. The severity, timing and duration of 
nutritional deficiencies determine the extent of their impact (Himes, 1978). 
Advance in bone age has been shown in rabbits (Spencer et al., 1985) and in rats 
(Dickerson & Widdowson, 1960) where over-feeding occurs. In undernourished rats, 
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skeletal maturation is slowed (Cesani et al., 2003). A number of studies in 
undernourished children support the findings of animal studies, showing their skeletal 
maturation to be significantly delayed compared to well-nourished peers (Dreizen et al., 
1958, 1964; Frisancho et al., 1970, Birkbeck & Lee, 1973; Saxena & Saxena, 1989). The 
effect oflow dietary intakes appears to influence skeletal maturation to a greater extent 
during childhood than adolescence (Frisancho et al., 1970). Few of the studies of 
skeletal maturity in under-nourished children consider measures of socio-economic 
status alongside nutritional intake, but perhaps, more importantly, few studies report the 
disease status of the populations studied. 
Delayed skeletal maturation, which results from undernourishment during infancy or 
early childhood, may be a compensatory mechanism, extending the time allowed for 
catch-up growth (Himes, 1978). If growth in body size and maturation are equally 
delayed, potential for complete catch-up growth is maintained (Acheson & Macintyre, 
1958). Studies by Tanner (1963), Frisancho et al. (1971) and Martorell et al. (1979) 
suggest, however, that chronic malnutrition affects maturation to a lesser extent than 
body size, limiting the potential for catch-up growth. 
A recent study in Indonesian children suggests that it is overall energy consumption 
rather than the micro-nutrients which influences skeletal maturation rates (Jahari et al., 
2000). This study introduced three supplements to a group of nutritionally at-risk infants 
(12 months); a high energy and micronutrient supplement, a low energy and 
micronutrient supplement, and a low energy supplement. After 12 months of 
supplementation the group receiving the high energy and micronutrient supplement had 
advanced bone age compared to the other two groups. There was no difference between 
the group receiving the low energy and micronutrient supplement and the group 
receiving the low energy supplement alone. 
Food supplementation studies show that better nutritional intake results in improved 
rates of growth and body size (Martorell et al., 1976, 1979), however few 
supplementation studies have considered skeletal maturation as an outcome measure. In 
37 
Background 
rural Guatemalan children, Martorell et al. (1979) showed that a supplement of protein, 
energy, vitamins and minerals had a significant positive impact on skeletal maturation, 
as measured by the number of ossification centres present. In a further study in 
Guatemala by Pickett et al. (1995) early nutritional supplementation advanced skeletal 
maturation in adolescence (as measured by the TW2 technique) although the results 
were only significant in females. The results of this particular study may have been 
obscured by the advanced age of most of the subjects. 
Over-nutrition, in particular obesity, has been linked with advanced skeletal maturity 
(Garn & Haskell, 1959, 1960; Buenen et al., 1982; Oerter-Kiein et al., 1998). Poskitt 
(1981) suggests that those children with obesity which dates from the infantile period are 
tall for their families and demonstrate a proportionally advanced bone age, whereas 
those who become obese during childhood have no advance in skeletal maturity. Buenen 
et al. (1982) compared the fattest 5% and the leanest 5% of 14,259 Belgian boys and 
found that between the ages of 12 and 17 years the fattest 5% were advanced in their 
skeletal maturation by approximately 0.5 years. Skeletal maturity does not differ, 
however, according to fat distribution (Malina & Peila-Reyes, 1993). 
2.5.3 Early Life Growth 
In the very simplest of terms, growth occurs as a result of three forces: genetic 
programming, environmental factors and the interaction between the two (Lejarraga, 
2002). In actuality, expression of a genetically inherited pattern of growth is regulated 
by many external influences. Waddington (1942) coined the term 'epigenetics' to 
describe how genes might interact with their environment to produce a phenotype. 
Epigenetic factors regulate the amount of gene activity, influencing the growth and 
appearance of an organism through, for example, the modification of histone proteins or 
DNA methylation. In both these cases the absence of the protein product associated with 
the gene causes a change in the function or development of the cell. Both historical and 
contemporary research highlights the sensitivity of child growth to the environment, 
questioning the concept that growth is 'genetically predetermined'. Humans have been 
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consistently shown to demonstrate plasticity and adaptive responses when faced by 
challenging environments (Lasker, 1969; Frisancho, 1993; Kuzawa, 2004). 
Stages in the life cycle where environmental conditions have a profound effect on 
development have been referred to as 'critical periods' (Cameron & Demerath, 2002). 
These are periods where the system is plastic and sensitive to the environment. Infancy 
characterises a move from a relatively stable intra-uterine environment to a constantly 
changing postnatal environment, requiring an infant to display constant adaptation to its 
surroundings and is consequently a critical period of growth. Certain patterns of growth 
during this period have been linked with later body size, for example rapid weight gain 
in infancy has been shown to predict overweight/obesity in late childhood and 
adolescence (Cameron et al., 2005; Stettler et al., 2003). 
Early life factors have rarely been investigated with regard to skeletal maturation, 
although a large amount of bone growth occurs during the first two years of life (see 
section 2.2.1 ). Studies have examined the relationship between early growth and other 
measures of maturity such as age at menarche. Cooper et al. (1996) studied 1471 British 
girls and showed a slight association between birth weight and age at menarche. Girls in 
the lowest quintile for birth weight (<2.95 kg) had a mean age at menarche of 12.85 
years, whereas those in the highest quintile {>3.75 kg) had a mean age at menarche of 
13.03 years. These results suggest that lower birth weights are associated with earlier 
menarche and conversely, higher birth weights are associated with later menarche 
(Cooper et al., 1996). This finding is supported by a study of Filipino girls (Adair, 
2001). Although birth weight alone was not significantly associated with age at 
menarche, girls who were born relatively long (>49 cm) and thin (<3 kg) experienced 
earlier menarche than those born short and light by around six months (Adair, 2001 ). 
Girls born long and light also showed earlier age at menarche in an Australian cohort 
(Tarn et al., 2006). 
Girls experiencing rapid weight gain in early life have been shown to have an earlier age 
at menarche (Adair, 2001; dos Santos Silva et al., 2002). Rapid growth in infancy has 
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also been found to be associated with earlier pubertal maturation in girls (dos Santos 
Silva et al., 2002). Little work has been undertaken to investigate early life determinants 
and measures of physical and sexual maturation in boys, perhaps due to the lack of an 
event during puberty in males which can be measured in the same way as menarche. 
One study in Swedish boys found no association between peri-natal factors and pubertal 
timing (Persson et al., 1999). The method used to determine pubertal onset in this cohort 
was, however, by plotting each individuals height curve and manually estimating the 
onset of the pubertal growth spurt. 
The studies of early life growth factors and skeletal maturation have shown few 
significant associations. Malina et al. (1999) studied the association between birth 
weight, skeletal age and rate of skeletal maturation in children 6-11 years of age. The 
children were of European ancestry from an upper middle class background (Malina et 
al., 1999), 127 boys and 105 girls were studied and divided into 'childhood' (6.00-8.99 
years) and 'pre-pubertal' (9.00-11.99 years) age groups. Birth weight was significantly 
associated with stature and mass in boys in both age groups and with stature only in girls 
of both groups. Birth weight was not related to BM! or skeletal maturity. 
Cameron et al. (2003) studied the Bone Health sub-sample of the Bt20 study at nine 
years of age. All children included in the study were born with birth weights appropriate 
for their gestational age (AGA). The sample was divided into two groups: those who 
experienced rapid weight gain in infancy and those who experienced normal weight 
gain. No significant differences were found between the groups for other maternal 
factors and socio-economic status (Cameron et al., 2003). Those who experienced rapid 
weight gain were found to be significantly lighter at birth and significantly taller and 
heavier from age 1-9 years of the study. There was no difference in skeletal maturity 
(assessed by TW2) at age nine years between the two groups. The study did not, 
however, control for potential confounders including sex and chronological age. This 
analysis was repeated whilst comparing children ofBt20 with those of the Fels 
Longitudinal Study (Demerath et al., 2009). This study found that rapid infant weight 
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gain (in AGA infants) predicted advanced skeletal maturation at age nine, even after 
controlling for BMI. 
Ibanez et al. (2000) studied the stature of girls achieving puberty early. The findings 
showed that the timing of menarche and the level of final height in Catalan girls with 
early onset of puberty was dependent on prenatal growth. Girls with average birth 
weight tend to progress slowly through puberty with an average timing of menarche and 
average final height. In contrast, girls with low birth weight tend to progress relatively 
rapidly to an early menarche and to a reduced final height. These findings imply an 
association with skeletal maturation, as those who experience reduced final height tend 
to reach full skeletal maturity earlier (Tanner et al., 200 I). 
2.5.4 Socio-Economic Status 
There have been inconsistent associations noted between socio-economic status (SES) 
and skeletal maturity. Many studies sample from relatively homogenous groups of 
children, for example from the same school or small geographical area. Others compare 
groups who are particularly disparate in terms of SES. The true effect of SES on skeletal 
maturity is difficult to disentangle from other genetic and environmental effects and 
inconsistent associations may be as a result of differing measures of SES. 
Studies undertaken in Japan suggest that SES has no effect on skeletal maturity. A 
comparative study of Japanese children in Anami and Western Kyushu also suggests 
that no socio-economic factor accounted for the difference in skeletal maturity between 
these populations (Takai et al., I 984.) Takai (I 990) replicated this result when studying 
children from three Japanese samples, observing that these children showed similar 
skeletal maturity patterns irrespective of discrepancies in SES between the groups. 
Waldmann et al. (I 977) reported no difference in the rate of skeletal maturation between 
Chinese children of low, medium and high SES groups. The very highest social group 
and the lowest social group were, however, poorly represented in the study, suggesting 
that existing differences may not have been observed. In the Leuven Growth Study of 
Belgian boys aged I 2-19 years, the degree of urbanisation and parental employment 
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were not associated with skeletal maturity (Renson et al., 1980). Andersen (1968) 
observed no association with maternal employment status in Danish youths and no 
association was seen between SES and skeletal maturity in the Madeira Growth Study 
(Freitas et al., 2004). 
Socio-economic factors such as urban-rural location, family income, length of parent 
education and fathers occupation have been shown to influence the rate of skeletal 
maturation in other populations (Chang et al., 1967; Low, 1972). The most marked 
observation ofSES influencing skeletal maturation is seen in a study of711 children, 
aged 0-6 years living in Baghdad (Shakir & Zaini, 1974). The children were mainly of 
Arab ancestry, all born in Baghdad and belonged to two socio-economic classes. The 
separation of the children into the two SES groups was based upon the father's 
occupation and upon the area of the district in which they lived. Class A children 
represented the most privileged children in the society who all lived in houses owned by 
their families in the most wealthy district of town. Their fathers were either 
professionals, senior civil service men or army officers (Shakir & Zaini, 1974). The 
Class B children lived in rented accommodation often in the slum areas of the district. 
Their fathers were often employed in unskilled jobs with low and irregular income. 
Results of the study compared the Baghdad children with the standards of Tanner and 
Whitehouse (TW2). Until age 1.5 years the skeletal maturity of both classes of Baghdad 
children were in advance of the British standards. After two years the Class B (poorer) 
children fell below the British standard whilst the Class A (richer) children continued to 
be in advance of the British standards until the age of 3-4 years. The difference between 
the two groups most likely reflects the differences in environment and nutrition 
experienced by the children, although the study seems to have only considered the 
extremes of SES. 
Other studies also reported high SES children having more advanced bone age than their 
lower SES peers. In Indian children, underprivileged children displayed bone ages 
considerably lower than their well-off peers (Pathmanathan & Raghaven, 2006). There 
were significant differences between high and low SES groups in Guatemalan children 
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(Bogin & MacVean, 1983; Bogin et al., 1989). SES, as measured by family income, 
shows a consistent pattern of increasing skeletal maturity with increasing family income 
in the USA (Roche et al., 1975). Garnet al. (1973) specifically studied the role of 
income on postnatal ossification, observing 1790 children from the 1968-1970 ten-state 
Nutrition Survey in the USA. The sample was divided into two groups: one group below 
the accepted poverty level and the other averaging approximately three times the poverty 
income level. The authors calculated that, in these two groups, an ossification timing 
advance of 1.00 SD units could be observed for each $1000.00 per capita income. 
It appears that when the extremes of SES are studied, associations with skeletal maturity 
are significant. When SES groups are more homogenous (e.g. Waldmann et al., 1977) 
little association is seen. Choosing the correct measure of SES is important to correctly 
assign children into appropriate groupings. Many authors have considered income, and 
whilst it may be reasonable to suggest that money does buy food, clothing, shelter and 
medical care, income may not be an accurate proxy for parental investment, education 
and nutritional knowledge. Only one study considered whether it is a particular element 
of SES which is important in the rate of skeletal maturity (Cole & Cole, 1992). 
Regression was used to compare the ability of the different indices of SES to explain the 
residual variation in bone age after adjusting for age and sex. Being a single parent 
household was the most significant SES indicator. Other significant indicators identified 
were households with no car, households in rented housing, households with more than 
one person per room, and households with three or more dependent children. These 
variables, however, became insignificant after adjusting for the single parent household 
rate. The authors also argue that deprivation has a causal negative effect on bone age 
early in life but thereafter has no effect, so children track along a predicted trajectory of 
bone age defined in early life. 
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2.6 Secular Trends in Maturation 
Secular changes are defined as fluctuations in growth parameters over time, whilst the 
term secular trend indicates that the change is of a unidirectional nature (van Wieringen, 
1986). Secular change in body size is indicated by measures of stature and weight and in 
maturation is most commonly associated with age at peak height velocity and menarche 
in females. The occurrence of secular change is of importance to biologists and 
economists alike with biologists interested in the implications for growth standards, 
references and treatment of growth disorders and economists using secular change in 
body size as a proxy for socio-economic circumstances, nutritional status and living 
conditions. Whilst there is a paucity of information on secular change in skeletal 
maturity itself, the relationships between stature, sexual maturation and skeletal maturity 
have been used to infer the occurrence of a secular trend. 
In industrialised countries there is strong evidence that the body size of children has 
been getting larger and maturity is being reached faster (Eveleth & Tanner, 1990). 
Stature has frequently been cited as a powerful proxy for environmental conditions 
during childhood and biologists view secular change in stature as a marker of the public 
health of the population (Tanner, 1992), providing evidence of the relationship between 
growth and the environment (Cote, 2000). 
Secular increases in height have been well documented with reported secular trends of 
1.0- 1.3 cm per decade in developed countries such as England, Belgium and the 
Netherlands (Hauspie et al., 1997). Secular increases in height reported in Europe and 
North America suggest that the height increase over generations is most obvious during 
adolescence (2-3 cm per decade), less during childhood (I -2 cm per decade) and the 
least during adulthood (I cm per decade or less) (Eveleth & Tanner, 1990). The height 
increase over the decades is more prominent in males than females (Eveleth & Tanner, 
1990) which is consistent with the suggestion that males are more susceptible to 
environmental changes during growth (Kuh et al., 1991). Italian conscripts demonstrated 
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an increase in mean height from I 62 cm in I 854 to I 73 cm in I 963 (Hermanussen et al., 
I 995), Netherlands males increased in final height from I 78 cm in I 965 to I 84 cm in 
1997 (van Wieringen, 1986) and Swedish children increased from 179 cm in 1956 to 
I 8 I cm in 1973 (Luo et al., 1998). Secular change in developed countries has not always 
exhibited a positive trend. There is evidence that the mean height of males actually fell 
in the late eighteenth century in response to poor harvests and consequent poor quality 
of life during childhood (Floud et al., 1990). 
In South Africa there has been evidence of both negative and positive secular change in 
height. A secular increase in height was observed in Kalahari Bushmen in line with a 
transition from a traditional hunter-gatherer society to a more sedentary, stable 
environment (Tobais, I962). Tobias (1975) also demonstrated a clear decline in mean 
stature in the Black population in the time before and during apartheid which can be 
linked to the deterioration of the environment, both physical and social, during this 
period. Henneberg and van den Berg (1990) showed an increase in mean height between 
I 880 and 1970 of 4.5 mm and 2.4 mm per decade for the White and Black population 
respectively. The lower increase in the Black population may again be associated with 
the apartheid regime which also has been suggested to have influenced the growth of the 
White population in South Africa in comparison with the rest of the world (Bogin, 
1999). 
In both developed and developing countries comparable changes have occurred in 
weight and other body dimensions (Cole, 2000; Eveleth & Tanner, 1990). These changes 
arise from both change in body size (stature) and body shape (adiposity). While the 
secular increases in heig~t appear to be slowing, or even ceasing in developed countries, 
(Cameron, 1979; Rona & Chinn, I99I) the increase in weight and adiposity continues. 
The reason for this is suggested to be that height reflects the 'health and nutritional 
history' of a population, whereas weight and measures of body composition reflect more 
recent environment and events (Bogin, I 999). 
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Knowledge of secular change in maturation is important, for example, what is now the 
normal age at onset of puberty in some populations may be misclassified as precocious 
based on older standards. One method of measuring change in the tempo of growth is 
age at menarche. Studies of menarche have shown that in Europe the age at menarche 
decreased steadily throughout the 20th century by three to four months per decade 
(Eveleth & Tanner, 1990). This decline levelled off after 1970 and the mean menarcheal 
age now ranges from 12.3 years in Greece to 13.3 years in Finland (Parent et al., 2003). 
In the USA similar trends can be observed. In 1900 the mean menarcheal age was 14.2 
years (Eveleth & Tanner, 1990). In 1922 a longitudinal study of females in 
Massachusetts identified the mean age of menarche to be 13.5 years (Shuttleworth, 
1937). By 1970 data from NHANES suggested the mean age to be 12.8 years (Harlan et 
al., 1980) and three decades later the mean age at menarche in the USA is estimated to 
be 12.6 years in White females and 12.1 years in Black females (Herman-Giddens, 
2006). In South Africa age at menarche has declined at a rate of 0.34 years per decade in 
rural Black females and 0. 73 years per decade in urban Black females (Cameron et al., 
1991 ). This trend is reflected in other African countries undergoing urbanisation, such as 
Cameroon, where a decline of 2.5-3.2 months per decade is reported in urban areas 
(Pasquet, 1999). 
Factors associated with this increase in stature and acceleration of maturation are 
improved nutrition, healthcare and social environment as well as migration, both in 
terms of urbanisation and migration from a low SES to a higher SES environment 
(Eveleth and Tanner, 1990; Gam, 1987; Bogin, 1999). Improvements in socio-economic 
environment favour increases in body size and increased rates of maturation (van 
Wieringen, 1986), whereas environmental stressors retard growth and maturation 
(Hulanicka et al., 2001 ). Warfare, economic uncertainty and stress have all been reported 
to slow rates of growth and maturation (Graber et al., 1995). Migration of individuals 
from genetically different populations initiates adaptive responses to environmental 
change. Out breeding and this genetic shift may account for long term secular change, 
whilst living conditions cause plastic changes accounting for short term secular change 
(Henneberg, 2001; Hoppa & Garlie, 1998; LaVelle, 1999). 
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Secular changes in body size and the tempo of growth are well documented but studies 
of secular change in skeletal maturity are rare and have conflicting conclusions. 
Tarranger et al. (1976) compared children born between 1940 and 1945 with children 
born between 1955 and 1958 and found that skeletal maturity was accelerated by around 
three months in the later cohort. Secular trends in skeletal maturity have recently been 
investigated in Southern Australia (Ranjitkar et al., 2006). A cohort from 1987- I 994 was 
compared with a cohort from I995-2005. Males in all age groups in the I995-2005 
cohort were skeletally advanced in comparison to the earlier cohort by between 0.2 and 
0.5 years (p<0.05). Females were advanced in the I995-2005 cohort although not 
significantly. This secular trend was concordant with an increase in height over this 
period. 
Two studies of Japanese children suggest that that no secular trends are occurring in 
skeletal maturity. Matsuoka et al. (1999) compared two large-scale studies of skeletal 
maturity and found no secular change between I 986 and I 996. Small differences can be 
observed between the studies, however these changes towards advanced maturity are not 
significant over the IO year period. Takai (1990) showed no advancement in the rate of 
skeletal maturation between the I 960' s and I 980' s. There were secular trends towards 
advanced skeletal maturity in specific cohorts and age classes but no general trend. The 
results of these studies are concordant with a slowing of the secular trend in height in 
developed countries. 
Each of the studies identified here used appropriate methodology, sampling children 
from similar environments at both time points and using the same references for skeletal 
maturity in each cohort, indicating that results show true secular trends rather than 
geographical or methodological variation. The conflicting results arise as secular trends 
in skeletal maturity appear to occur in association with secular change in height. In 
developed countries, where secular trends in height have slowed, secular change in 
skeletal maturity also appears to have slowed. The opposite appears to be true in 
countries where secular change in stature continues. Secular change in height in South 
Africa (Henneberg & van den Berg, 1990) and menarcheal age (Jones et al., 2009a; 
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Cameron et al., 1991) would suggest a secular trend in skeletal maturation may also be 
occurring. 
It is important to note at this point that secular trends towards advanced skeletal maturity 
can occur together with secular trends towards increased height, rather than advanced 
skeletal maturity resulting in reduced final height. The nature of skeletal maturity 
assessment means that all findings are relative to a reference population, therefore in the 
case of secular trends, skeletal maturity is advancing compared to the reference 
population. Only if the reference population were directly representative of the 
population being studied would a reduced final height be expected. 
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2.7 Worldwide Variation in Skeletal Maturity 
Populations worldwide differ in mean skeletal maturity at any given chronological age 
and in their rate of maturation (Tanner et al., 200 I). This variation reflects factors such 
as nutrition, environment and socio-economic status as well as genetics. Historically, 
many studies of skeletal maturation have been undertaken within individual populations. 
This section provides a review of these studies in order to observe how skeletal maturity 
varies between populations worldwide, before discussing within-population variance. 
2.7.1 Between-Population Variation: Upper, Middle and Lower Tertile Countries 
The world's countries are commonly divided into either low, middle, and high income 
economies or into under-developed, developing, and developed countries (World Bank, 
2008). For the purpose of this summary, however, countries have been divided into 
tertiles according to their under-five mortality ranking (Unicef, 2008). Under-five 
mortality was selected as an appropriate indicator of child health within a population 
(Unicef, 2008; WHO, 2009). Upper, middle, and lower tertile countries are identified, 
along with their under-five mortality ranking (see appendix 1). Recent studies of skeletal 
maturity are scarce and as a consequence all studies of healthy children post-1960 (with 
available full text) are included in the literature review, despite the evidence for secular 
trends in skeletal maturity over this period. Studies using Tanner and Whitehouse (TW2 
or TW3) and Greulich-Pyle (GP) are included. Samples studied are all healthy children, 
no children are included whose skeletal maturity was being monitored for the purpose of 
treating a growth disorder. All studies were published in peer-reviewed journals. 
2.7.1.1 Upper Tertile Countries 
Table 2.3 summarises studies from 'upper tertile' countries. All of the countries included 
in the upper tertile have an under-five mortality rate of less than 15 per I 000 children 
(Unicef, 2008). They are also all identified as high income economies by the World 
Bank (2008). 
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Early studies show bone age in upper tertile countries to be delayed when compared 
with GP references for bone age assessment (Roche et al., 1975). In a study by Bayley 
(1962) was there no difference between the males studied and the GP reference values, 
but the children surveyed were in fact part of the sample used to create the references 
(Greulich & Pyle, 1959; Bayley, 1962). Later studies using the GP technique show 
females in the upper tertile countries to have bone ages concordant with the reference 
values while males remain delayed by between 0.1 and 1.1 years (Wenzl et al., 1984; 
Jimenez-Castellanos et al., 1996; Lin et al., 2006). These results in upper tertile 
countries highlight the specific, high SES nature of the North American population on 
which the GP references are based. 
Studies in upper tertile countries have varied results when compared with the British 
references of the TW2 technique. Only two studies showed values for bone age which 
mirrored the TW2 references, these were North American and English samples (Malina 
and Little, 1981; Dhar and Dangerfield, 1992). Swedish, New Zealand, Italian, 
Portugese and Belgian samples showed bone ages consistently in advance ofTW2 
standards, the advancement ranged between 0.1 years and 0.8 years (Tarranger et al., 
1976; Birkbeck & Herbert, 1980; Vignolo et al., 1992; Freitas et al., 2004; Buenen et al., 
1990). Advancement was mainly seen in females. These samples were of urban children, 
with the exception of the Belgian study which was a nationwide school survey (Beunen 
et al., 1990). Only one study showed consistent delay in both sexes as compared to the 
reference values (Prader & Budliger, 1977), two others indicated delay in males only 
(Aicardi et al., 2000; Wenzl et al., 1984). In all cases where a delay compared to 
reference values was indicated the degree of delay was small (approximately 0.5 years). 
One pattern that emerged from the various studies, especially in the Japanese samples, 
was that children were initially delayed compared with TW2 references before becoming 
advanced around the age of 11.5-14 in males and I 0-12 years in females (Kimura, 1977 
a, b; van Venrooij-Ijesselmuiden & van Ipenberg, 1978; Baughan et al., 1979; Helm, 
1979; Wenzl & Melson, 1982; Takai & Akiyoshi, 1983; Takai et al., 1984; Wenzl et al., 
1984; Ashizawa et al., 1996; Freitas et al., 2004). The timing of this advance in bone age 
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may be concordant with the onset of puberty in developed countries suggesting that 
these samples show a greater rate of skeletal maturation following the onset of puberty 
than the reference sample. Particularly in the Japanese samples skeletal maturation is 
completed (as indicated by complete fusion of the epiphyses in the hand and wrist) as 
much as two years earlier than in the British reference population (Ashizawa et al., 
1996; Takai et al., 1984) 
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Table 2.3: Studies of skeletal maturity in upper tertile countries 
Authors Year of Method Sample Age n Results 
Assessment Q:rs) 
Bayley 1957-1960 GP N American 0-18 c. 134 Males closely followed GP references at all ages 
(1962) 63-67 males Females were delayed by 0.3 years until age 9, after 
63-67 females which the~ mirrored GP references 
Roche et al. 1963-1965 GP N American 6-11 6932 Males were consistently delayed in comparison to GP 
(1975) standards by between 3-14 months 
Females were consistently delayed in comparison to GP 
standards b~ 1-10 months 
T arranger et al. 1969 TW2 Swedish 0-7 212 Both males and females were consistently in advance of 
(1976) the TW2 references up to the age of seven years. RUS 
scores were in advance by 0.8 years and carpal scores 
b 0.3 ears 
Prader and 1974 GP Swiss 0-12 682 Males were delayed relative to GP references by 
Budliger approximately 0.8 years. 
(1977) Females were delayed relative to GP references by 
a(!I!roximatel~ 0.5 ~ears 
Kimura• 1963-1970 TW2 Japanese 3-18 713 Males were similar to TW2 references (±0.2 years) until 
(1977) 388 males 8 years after which the Japanese were in advance (by 
325 females between 0.4 and 1.4 years) until 18 years 
Females similar to TW2 references (-0.1 years to +0.5 
years) until age 8, advanced (by between 0.4 and 1.4 
years) between 8 and 15 years and then were similar to 
TW2 references at age 16 
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Authors Year of Method Sample Age n Results 
Assessment {Irs} 
Kimura" 1959 TW2 Japanese 6-18 258 Males were delayed compared to TW2 references until 
(1977) 135 males 11 years of age (-0.5 to -0.7 years), they then remained 
123 females in advance of TW2 references until age 17 ( +0.3 to + l.l 
years) 
Females were delayed compared to TW2 references 
until11 years (-0.3 to -1.0 years) after which they were 
consistent!~ in advance (+0.0 to +0.7 ~ears) 
V an Venrooij- 1970-1972 TW2 Dutch 8-17 1132 Males were delayed until 10-13 years and thereafter 
ljesselmuiden & advanced until 17 years. 
van lpenberg Females were delayed until 8-10 years after which they 
(1978) were consistently in advance of the TW2 reference until 
age 15 after which the~ were de la ,red at 16-17 ,rears 
Baughan et al. Not reported TW2 French- Males and females mirrored TW2 norms between the 
(1979) Canadians ages of 6-12 years. After this point both sexes were in 
advance ofTW2 references by 0.8 years (males) and 0.5 
ears (females) 
Helm 1965-1966 TW2 Danish 7-18 3817 Both males and females demonstrated skeletal ages 
(1979) 1842 males similar to those of the TW2 reference population until 
1975 females 14 years in males and 12 years in girls after which they 
were advanced of the TW2 references 
Birkbeck& 1973 TW2 New 7 836 Both males and females are slightly advanced (0.2 years 
Herbert Zealand 433 males in males, 0.1 year in females) ofTW2 references for 
(1980) 403 females skeletal maturity at 7 years 
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Authors Year of Method Sample Age u Results 
Assessment {~rs) 
Malina & Little 1965-1966 TW2 N American 6-13 893 Both sexes followed TW2 references closely from 6-13 
(1981) 489 males years 
404 females 
Wenzl & Not reported TW2 Danish 6-16 1100 Males were similar to TW2 references until the age of 
Melson 14-15 years, after which they were consistently in 
(1982) advance of the reference population 
Females were similar to TW2 reference until the age of 
12-15 after which they were consistently in advance of 
the reference EOEulation 
Takai & 1978-1979 TW2 Japanese 4-15 985 Males were delayed in comparison to TW2 references 
Akiyoshi 500 males until age 12, after which they were advanced 
(1983) 485 females Females were delayed in comparison to TW2 references 
until I 0 ~ears after which the~ were advanced 
Takai et al. 1978 TW2 Japanese 7-16 723 Males are below TW2 references until 12 years of age 
(1984) 380 males after which they are advanced 
343 females Females showed markedly advanced skeletal maturity 
comEared to TW2 references at all ages studied 
Wenzl et al. 1974-1975 TW2 Austrian 7-16 637 Males were delayed in comparison to TW2 reference 
(1984) 459 males until 11.5 years by approximately 0.5 years. After this 
178 females point they mirrored TW2 references 
Females were delayed in comparison to TW2 references 
until 10 years of age, and then remained advanced by 
between 0.5 and 0.9 years 
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Authors Year of Method Sample Age n Results 
(year} Assessment {rrs} 
Aicardi et al. 1980-1987 TW2 Italian 2-15 589 Males were delayed in comparison to TW2 references 
(2000) 339 males by around 0.5 years, increasing to over a year after age 
250 females 13 
Females were consistently in advance ofTW2 
references br a~~roximately 0.2 l:ears 
Beunen et al. 1969-1980 TW2 Belgian 6-20 30 872 Males were in advanced in comparison to the TW2 
(1990) 21 174 males references in their RUS scores but were delayed in their 
9 698 females carpal scores at all ages 
Females were in advance ofTW2 references for both 
indices 
Dhar& 1988 TW2 English 2-17 273 Both males and females were not significantly different 
Dangerfield 170 males from TW2 references at any age 
{1992} 103 females 
Vignolo et al. 1985-1990 TW2 Italian 1-17 327 Both sexes were in advance of TW2 references at all 
(1992) 171 males ages by approximately 7-9 months. The largest 
156 females advancement was seen in boys, particularly around 
ube 
Ashizawa et al. 1986 TW2 Japanese 3-18 1457 Males mirror TW2 standards closely until 12 years of 
(1996) 753 males age after which they are consistently in advance 
704 females Females are in advance ofTW2 standards at all ages 
Jimenez- 1989 GP Spanish 0-14 239 Males show, on average, a three month delay in 
Castellanos et al. comparison with the GP references 
(1996) Females show consistently similar skeletal ages to the 
GP references 
55 
Background 
Authors Year of Method Sample Age n Results 
Assessment {yrs) 
Freitas et al. 1996-1998 TW2 Portuguese 8-16 507 Males were consistently in advance of TW2 references 
(2004) 256 males at each age studied 
251 females Females showed a delay in comparison to TW2 
references until approximately 11 years of age. 
Thereafter, they remained advanced 
Lin et al. 1995-2005 GP Australian 9-18 2497 Males aged 9 were skeletally advanced compared to GP 
(2006) 1255 males references but became delayed by 0.3 years at age 17 
1242 females Females were concordant with GP references at all a!iies 
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2.7.1.2 Middle Tertile Countries 
Table 2.4 summarises studies from 'middle tertile' countries. These countries have an 
under-five mortality rate ranging from 16 per 1000 in Argentina to 46 per 1000 in Iraq 
(Unicef, 2008). All of these countries are classified by the World Bank as being 
middle-income economies. 
Two studies, both in Turkey, compared samples to GP references. Koc et al. (2001) 
showed that males were delayed by between 0.25 and 0. 75 years between seven and 13 
years. 14-17 year olds showed advanced maturity when compared with the references. 
These results were repeated recently in males (BUken et al., 2007). This study also 
suggested that females were advanced at all ages in comparison with GP references. 
Guatemalan, Iraqi and Mexican samples showed delayed skeletal maturation in 
comparison with TWI I TW2 standards (Blanco et al., 1973; Shakir and Zaini, 1974; 
Malina et al., 1976) . Delay was always less in females than in males. In China a pattern 
similar to that seen in Japan is evident. Children are either delayed or have bone ages 
comparable with the TW2 references until between 10 and 12 years in males and 
around 9/10 years in females after which they remain in advance of TW2 references 
until maturation is completed, often earlier than in the British reference population 
(Zhen & Baolin, 1986; Ye et al., 1992; Ashizawa et al., 2005; Zhang et al., 2008). 
China's under-five mortality rate may not accurately reflect the living conditions or the 
health care provisions in the areas in which these studies took place. All the Chinese 
studies took place in urban settings. China's under-five mortality rate may be partially 
attributed to the lack of emergency obstetric and newborn care in remote areas 
(newborn mortality amounts to 64% of all under-five deaths) so the under-five 
mortality rate may be less in the urban areas in which these studies were undertaken 
(Unicef, 2008). 
57 
Background 
Table 2.4: Studies of skeietal maturity in middle tertile countries 
Authors Year of Method Sample Age (yrs} n Results 
Assessment 
Blanco et al. Not TW1 Guatemalan 0-7 1412 Both males and females were delayed in comparison 
(1973) reported 694 males to TW1 references by approximately 1.0 year 
718 females 
Shakir and Not TW1 Iraqi 1-6 711 Males tracked TWI references until age 3 after which 
Zaini reported 396 males they fell behind by between 0.12 and 0.74 years 
(1974} 315 females Females followed TWl references and were 
consistentl~ ± 0.2 ~ears 
Malina et al. 1972 TW2 Mexican 5-18 394 Males are delayed in comparison with TW2 
(1976} 205 males references in most age groups by between 0.02 and 
189 females 0.55 years 
Females are delayed in comparison with TW2 
references b):' between 0.16 ):'ears and 0.44):'ears 
Waldmannet 1967 TW1 Chinese 0-5 492 Males are in advance ofTWl references by between 
al. 273 males 0.3 and 0.9 years 
(1977) 219 females Females are in advance ofTW1 references by 
between 0.3 and 1.0 ):'ears 
Zhen & Baolin 1981-1983 TW2 Chinese 7-17 572 Both males and females are comparable with TW2 
(1986) 302 males references until 10 years and 9 years respectively. 
270 females Thereafter, both sexes are in advance ofTW2 
references 
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Authors Year of Method Sample Age(yrs) n Results 
Assessment 
Bogin et al. 1986-1985 GP Guatemalan 5-17 760 Males from the high SES Ladino group tracked TW2 
(1989) 438 males references until 12 yrs after which they were 
322 females advanced. Low SES Ladino and Indian groups were 
consistently below TW2 references 
Females from the high SES Ladino group tracked 
TW2 values before becoming advanced at 11 yrs. 
Low SES groups were delayed until 11 after which 
the~ tracked TW2 values. 
Ye et al. 1989-1990 TW2 Chinese 2-20 2122 Males are delayed compared to TW2 references until 
(1992) 1123 males 11 years of age (by between 0.2 and 1.7 years). After 
999 females 12 years of age they are consistently in advance by 
0.7-0.8 years 
Females are delayed compared to TW2 references by 
0.1-1.0 years until 9 years of age. From 10 years 
onwards the~ are in advance b~ 0.2-1.2 ~ears 
Lejarraga et al. 1971 TW2 Argentinean 4-12 775 Males were advanced compared to the TW2 
(1997) 387 males references at all ages by between 0.1 and 1.2 years. 
388 females Females were advanced compared to the TW2 
references at all ages by between 0.1 and 1.2 years. 
The degree of advancement increased with age 
Koc et al. 1994 GP Turkish 7-17 225 males Males were delayed by between 0.25 and 0.72 until 
(2001) age 13. 14-17 year olds showed advanced skeletal 
maturity as compared with GP references (0.01-0.89 
years) 
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Authors Year of Method Sample Age (yrs) n Results 
Assessment 
Ashizawa et al. 1997 TW3 Chinese 6-18 1273 Males were just below TW3 references until12 years 
(2005) 631 males of age after which they were in advance 
642 females Females were below TW3 references until tO years, 
after which the~ were in advance. 
Ortega et al. Not TW3 Brazilian 7-16.5 240 Males varied by ± l 0 months around the TW3 
(2006) reported Ill males references 
129 females Females varied by± 5 months around the TW3 
references 
Advancement or delay did not follow a consistent 
~attem over the ~eriod studied in either sex 
B iiken et al. Not GP Turkish ll-19 492 Males were delayed in comparison to GP references 
(2007) reported 251 males between ll and 14 years (0.01 to 0.58 years). 
241 females Between 15 and 17 years males were advanced by 
around 0.95 years 
Females were advanced until 18 years by between 0.2 
and 1.1 years. Females were delayed by 0.4 years at 
a e 19 
Zhang et al. 2005 TW3 Chinese 1-20 17401 Males before 6 years of age showed similar rates of 
(2008) 8685 males maturation to the TW3 references. After 6 they were 
8716 increasingly advanced to a maximum of 1.0~ 1.3 years 
females between 13 and 16 years 
Females showed skeletal ages that mirrored TW3 
references until 6 years of age before becoming 
delayed from 6-8 years. 9 and l 0 year olds mirrored 
TW3 references before becoming advanced by 
between 0.2-1.0 ~ear until 16 ~ears. 
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2.7.1.3 Lower Tertile Countries 
Table 2.5 summarises studies from 'lower tertile' countries. Samples included are 
South African, Indian, Namibian, Pakistani and Malawian. These countries have an 
under-five mortality rate ranging from 69 per 1000 in South Africa to 120 per 1000 in 
Malawi (Unicef, 2008). South Africa is classified by the World Bank as being an 
upper-middle-income economy, India and Namibia are lower-middle-income 
economies and Malawi and Pakistan low-income economies (World Bank, 2008). 
Three studies using the GP technique have been undertaken in lower tertile countries. 
In South Africa White males followed GP references closely while other ethnic groups 
fell consistently below. Females of all ethnic groups fell below GP references (Levine, 
1972). This study is the key study of skeletal maturation in South Africa and is 
discussed in more detail in section 2. 7. The second study was in Pakistan and showed 
males to become increasingly delayed compared with GP references with age. Females 
became advanced of the references after 14 years (Rikhasor et al., 1999). In the third 
study, Lewis et al. (2002) demonstrated Malawian children to be below GP references. 
Three studies undertaken in 1981 observed skeletal maturity compared to TW2 
references. In India both sexes were consistently in advance of the TW2 references 
(Prakash and Cameron, 1981). This sample was, however, identified by the authors as 
being a particularly high SES sample as the children were recruited from schools with 
particularly high fees, indicating that they came from economically well-off families 
(Prakash and Cameron, 1981). Conversely, in South Africa and Namibia both sexes 
demonstrated significant delay compared to the references (Singer and Kimura, 1981). 
Another sample of Indian children were studied in 2006 and showed delay in 
comparison with TW2 references (Pathmanathan and Raghavan, 2006). 
With the exception of the high SES Indian sample, all of the lower tertile countries 
indicate skeletal maturity to be delayed compared with reference values. Under-five 
mortality may reflect overall SES, access to healthcare, parental investment and 
education. The evidence supporting associations between SES and skeletal maturation 
was reviewed in section 2.5.4. 
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Table 2.5: Studies of skeletal maturity in lower tertile countries 
Authors Year of Method Sample Age (yrs) n Results 
Assessment 
Levine 1962-1965 GP South African 6-11 1303 White males followed GP references at all age 
(1972) 651 males groups, whereas all other ethnic groups were 
652 females considerably delayed (by up to 1.0 year) 
Females were delayed in comparison with GP 
references at all ages, particularly Black 
females 
·Prakash & Not TW2 Indian 6-14 298 Males had higher RUS scores at age 6-7 falling 
Cameron reported 202 males on the 75th centile, they then mirrored TW2 
(1981) 96 females references from 8-12 years before becoming 
advanced at 13 and 14 years (75th centile) 
Females remained between the 50th and 75th 
centile at all ages except 6 years where they fell 
to the 25th centile 
Singer& 1961 TW2 Namibian 7-21 306 Males were below the expected TW2 
Kimura 149 males references at every age. The degree of delay 
(198 I) 157 females increased with chronological age from 
approximately 0.6 years to 2.0 years 
Females were delayed according to TW2 
references at all ages by between 0. 7 and 1.6 
ears 
Singer& 1961 TW2 South African 1-6 41 Both males and females demonstrated 
Kimura 24 males significantly delays in skeletal maturation in 
(1981) 17 females this age group. Delay ranged from 0.1-1.6 years 
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Authors Year of Method Sample Age (yrs) n Results 
Assessment 
Rikhasor et 1993-1994 GP Pakistani 1-18 750 Males were progressively more delayed 
al. 400 males compared to GP references between 1 year and 
(1999) 350 females 15 years. Between age 6-13 males were 
approximately 1.0 years delayed 
Females aged 1-2 mirrored GP references 
before becoming delayed by between 0.3-0.9 
years until 13 years. Females became 
progressively advanced of GP references after 
14 ~ears {0.8-0.9 ~ears 2 
Lewis et al. 2000 GP Malawian 1-28 139 Both males and females were delayed in 
(2002) 93 males comparison to GP references by an average of 
46 females 1.7 years (males) and 1.6 years (females). 
However, some clinical abnormality in the 
[lO[JUlation sam[Jled should be noted 
Pathmanathan Not TW2 Indian 4-18 787 Males were delayed in comparison to TW2 
&Raghavan reported 445 males references at all ages. The degree of delay was 
(2006) 342 females between 0.39 and 0. 72 years 
Females were delayed in comparison to TW2 
references at all ages. The of delay varied 
between 0.33 and 0.64 years 
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2.7.2 Within-Population Variation 
Although the studies reviewed identify population differences in skeletal maturation 
few authors have compared two populations in the same way and suggested reasons 
for between-population variation. One of the difficulties involved in the assumption 
that population differences occur is that these studies are based upon relatively small 
samples, often from defined geographical regions. It has been observed that regional 
differences in skeletal maturity occur within a population (Kristmundsdottir et al., 
1984) which would suggest that the results of some of the studies cited may be 
unrepresentative of their respective populations. There is also evidence of differences 
between urban and rural populations (Renson et al., 1980). Other difficulties in 
interpreting the results of these studies lie in the fact that very few authors have 
controlled for inequalities in socio-economic status, nutrition and childhood growth 
within their sample population. 
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2.8 Skeletal Variation in African Populations 
Whilst numerous studies of skeletal maturity in African Americans living in the USA 
have suggested that the skeletal maturity of black African children is comparable to 
that of their white peers (Loder et al., 1993; Johnston, 1963; Roche et al., 1975, 
1978, Platt, 1956), few studies of skeletal maturity have been undertaken in African 
populations and much of the work relies on relatively outdated methodology. This 
section reviews the key studies of skeletal maturation in Africa as the context in 
which this investigation is undertaken. 
Weiner and Thombipillai (1952) studied the skeletal maturation of Black West 
Africans aged between nine and twenty years. Radiographs of 60 Accra school boys 
were obtained as part of an investigation for the Colonial Social Science Research 
Council. Skeletal age was assessed using Todd's procedure (Todd, 1937) and the GP 
Atlas technique (Greulich & Pyle, 1959). According to the GP technique, the 
Africans' skeletal age was, on average, 16 months behind their chronological age. 
When compared with the American boys of the Brush Foundation Study used to 
compile Todd's atlas, the difference ranged from 20-29 months between the ages of 
9.6 and 14.5 years. The African Blacks had a consistently lower skeletal maturity for 
their chronological age when compared to the American Whites. Only at age 15.5-
16.5 was the difference in skeletal maturity between the two groups non-significant. 
This may be a catch-up effect coinciding with the onset of puberty but due to the 
small sample size and cross-sectional nature of the study no conclusion can be 
drawn. The results found in this study illustrate the disparity between Black Africans 
and the White American reference population but the study does fail to take into 
account any of the nutritional, environmental, or socio-economic differences between 
the two populations. Mackay (1952) performed a similar study in East African Black 
children and found comparable results. 
Levine's study of skeletal development in Pretoria children is key to this research 
and will be compared with the data collected in this study to address secular change 
in skeletal maturity (Levine, 1972). The children were recruited as part of the 
extensive cross-sectional Pretoria National Nutrition Survey. Between 1962 and 
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1965 the National Nutrition Research Institute of the Council for Scientific and 
Industrial Research carried out nutrition status surveys on school children in Pretoria 
with the primary aim of developing methods which would be of value in future 
assessments of nutritional status. The secondary purpose of the study was to obtain a 
general picture of the nutrition status of Pretoria children at the time of the study. 
Fellingham (1966) describes two specific objectives of the study: firstly "to 
investigate the influence of the socio-economic status of the household on the 
nutrition status of the child" and to "establish limits for 'normal' values, i.e. to find 
out within what limits each of the variables investigated might be expected to lie for 
children in Pretoria not suffering from any overt illness or clinical deficiency". 
Anthropometric, clinical, biochemical, haematological, dietetic, and socio-economic 
data were recorded along with radiological measures (left hand-wrist radiographs) on 
representative samples of children then attending schools in Pretoria. Children of 
both sexes, in the age group 6-11 years (inc~usive) who, at the time of the survey, 
were attending schools within the Pretoria area were surveyed. The Pretoria area was 
further defined as ''the geographical region lying within the municipal boundaries of 
Pretoria, together with any peri-urban area not separated from these boundaries by an 
uninhabited tract ofland" (Fellingham, 1966). 
Children were offour population groups: Bantu-speaking South African black 
children, white children (Caucasoids of European extraction), Indian or Asian 
children, and so-called 'cape coloured' children. A total of2,250 children were 
surveyed. Radiographs were taken of 1,303 of the Pretoria school children, it is not 
reported why all children did not receive a hand-wrist radiograph. Skeletal age was 
assessed using a modified version of the GP technique (see section 3.2.3.1) and 
comparisons were drawn between the four 'population groups'. 
Between six and 11 years of age White South African males followed the GP 
references very closely whereas the Black and Coloured children both lagged behind 
(Figure 2.4). The Black and Coloured children showed a mean difference between 
skeletal age and chronological age (as defined by GP references) of -8.6 months and 
-11.2 months respectively. The Indian population appeared to be in advance of the 
Black and Coloured populations and followed the Whites until around 11 years of 
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age after which they lagged behind. No conclusions could be drawn, however, about 
the Indian population due to the small sample size included in the study. 
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Figure 2.4: Skeletal development in South African males (from Levine, 1972) 
In females, all four populations lagged behind the Cleveland females used to compile 
the GP reference values (Figure 2.5). White· South African girls showed an average 
difference between skeletal age and chronological age of -4.9 months and Indians 
-5.6 months. Skeletal ages in the Black and Coloured populations were lower than in 
White and Indian females at every age with the Coloured children slightly in advance 
of the Black population. These two populations demonstrated large mean differences 
between skeletal age and chronological age of -15.0 months for Coloured children 
and -18.0 months in Black children, further demonstrating the difference in 
maturation rates between ethnicities. Again, Levine (1972) indicates the difficulty in 
disentangling the effects of ethnicity from those of nutrition, state of health, and 
socio-economic status, highlighting the need for a study encompassing information 
on all of these factors. 
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Figure 2.5: Skeletal development in South African females (from Levine, 1972) 
In recent years there has been a distinct lack of information concerning African 
populations. Lewis et al. (2002) studied the delay in skeletal maturity observed in 
139 Malawian children using the GP technique. They concluded that the skeletal 
maturity of Black Malawian children is significantly delayed in comparison to the 
reference population, but the study design demonstrates some fundamental flaws. 
The 139 children enrolled into the study were skeletally immature, with unfused 
epiphyses and ranged widely in age (Lewis et al., 2002). The eldest subject was 28 
years and 5 months old and demonstrated a difference of 137 months between 
skeletal age and chronological age, a delay of approximately !I years. This almost 
certainly indicates either an underlying pathological condition or an error in age 
reporting/measurement which should have excluded the subject from the study. In 
fact, the researchers had no access to information on disease and health status. This 
participant's data was included when calculating mean values, increasing the mean 
difference between chronological and skeletal age, and therefore may have affected 
the significance of the results. Due to the frequency of diarrhoea! diseases and 
malaria in the general population the authors suggest the effects of nutrition and 
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. diseases delay this specific population's skeletal maturity in comparison with the GP 
reference population. 
There is certainly a lack of well designed, contemporary studies of skeletal maturity 
in Africa. The previous sections have highlighted the transitional nature of the South 
African environment and it is in this context of change that the current study of 
variation in skeletal maturation in South African children is undertaken. 
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2.9 Research Hypotheses 
Although this thesis is largely descriptive in nature, the review of relevant literature 
has led to the generation of a number of hypotheses associated with each of the aims 
of the study. The aims of the study are reiterated below: 
The specific aims of the study are fourfold: 
1. To describe the skeletal maturity of South African children and examine 
ethnic differences 
2. To identify endogenous and exogenous factors influencing skeletal maturity 
3. To examine the relationship between skeletal maturity and pubertal 
development 
4. To examine the evidence for a secular trend in skeletal maturity in South 
Africa over a 40 year period 
The research hypotheses associated with the above aims are as follows: 
I. Black South African children will show delayed skeletal maturation when 
compared to their White peers 
2. The skeletal maturity of all South African children will be delayed in 
comparison to the TW3 reference population 
3. Those children who show poor growth in infancy and early childhood, as 
reflected by lower weight and height and slower growth velocities, will have 
delayed skeletal maturation in late childhood 
4. A poor socio-economic environment during infancy and childhood will result 
in delayed skeletal maturation at 9/10 years 
5. Measures of skeletal maturation and sexual development will be highly 
correlated, supporting the existence of a general maturity factor 
6. A positive secular trend will be seen in the skeletal maturity of all South 
African children between 1962 and 2001 
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Chapter Three: Methods 
Chapter three provides a summary of the methods used in the current study, 
describes the Birth to Twenty Bone Health study, the application of the skeletal 
maturity measures and data cleaning and preparation procedures. A description of the 
statistical analysis techniques employed is also provided. 
71 
Methods 
3.1 Sample Characteristics 
3.1.1 Birth to Twenty Sample 
Birth to Ten (BtlO) was established in 1990 as a large, multidisciplinary birth cohort 
study observing the growth, health, and wellbeing of urban South African children 
against a background of political, social, and economic transition (Richter et al., 
2007). It remains the largest and longest running study of child health and 
development in Africa. 3273 singleton births were recruited into the study during a 
seven week period between April and June 1990, cohort enrolment being defined by 
the timing of the birth and the mother's permanent residence within the designated 
metropolitan area (Richter et al., 2004). After ten years, funding was supplied to 
extend the study and Birth to Twenty (Bt20) was established with specific objectives 
relating to two areas: sexual risk and bone health. 
Data relating to growth, nutrition, pubertal development, socio-economic status, risk 
behaviours and cognitive development have been collected at 18 time points during 
the 17 years of the study. Assessment occurs yearly via a series of questionnaires, 
physical examinations and routine blood screening. The Bt20 and BH projects were 
given ethical approval by the University of Witwatersrand (protocol number 
M980810) and Loughborough University (ethics code R01-P3). 
3.1.2 Bone Health Sample 
At nine years of age a sub-sample of the original Bt20 cohort were enrolled into a 
Bone Health study to investigate factors affecting the acquisition of peak bone mass 
(Cameron, 2003). Children were enrolled on the basis of availability of complete 
data at the critical time points of birth, two and five years. 523 children from the 
Bt20 study were recruited into the Bone Health study (see figure 3.1), 78% of whom 
were Black. White children were underrepresented in the initial sample for two 
reasons: (1) during initial enrolment into the Bt20 study recruitment was restricted to 
the public hospitals of Johannesburg and Soweto, excluding the private clinics 
attended by many White mothers and resulting in an under enrolment of White and 
largely middle class families, (2) there was a higher rate of attrition in the White 
sample. The security issues in Johannesburg result in many White families living in 
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3273 Original Bt20 Cohort 
97 (2.9%) White Females 
1322 (40.4%) Black Females 
207 (6.3%) Coloured Females 
56 (1.7%) Indian Females 
523 Original Bt20 Cases 
56 (10.7%) White Females 
195 (37.3%) Black Females 
58 (11.1%) White Males 
214 (40.9%) Black Males 
110 (3.4%) White Males 
1246 (38.1 %) Black Males 
176 (5.4%) Coloured Males 
59 (1.8%) Indian Males 
160 New Recruits 
84 (52.5%) White Females 
6 (3.7%) Black Females 
67 (41.9%) White Males 
3 (1.9%) Black Males 
683 Bone Health Sample 
140 (20.5%) White Females 
201 (29.4%) Black Females 
,--------,/ 
683 Current Variation 
Sample 
125 (18.3%) White Males 
217 (31.8%) Black Males 
416 Pubertal Onset Analysis 
228 (54.8%) Females 
188 (45.2%) Males 
Figure 3.1: Breakdown of the Bt20, Bone Health and analysis samples (adapted from Jones, 2008) 
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high-security enclosures which are isolated within their neighbourhoods. They do 
not tend to be as socially connected to their neighbours as Black families which 
results in a reduction in the likelihood of tracing them if they were. to move away 
from the area (Richter et al., 2004 ). A further 151 White children were recruited into 
the Bone Health study during the period between 2000 and 2001 through a school 
survey. 
In addition to the standard anthropometric, social and pubertal measurements the 
683 children who make up this cohort also have whole body DXA scans and hand-
wrist radiographs at yearly intervals to assess bone density, body composition and 
skeletal age. 
3.1.3 Analysis Samples 
There are three separate analysis strands within this study. The first examines 
variation in skeletal maturity using data from the whole Bone Health cohort, the 
second explores the relationship between skeletal maturation and the onset of 
puberty and the third examines secular change in skeletal maturation and growth in 
urban South Africa. The composition of each sample is described in each results 
chapter with a comparison of the analysis sample to the whole Bt20 cohort. 
Current Variation Sample 
The sample used to observe current variation was based on the whole Bone Health 
cohort. Where cross-sectional analyses were undertaken any child with a radiograph 
at the year being investigated was included in the analysis. A core longitudinal 
sample was identified that had radiographs at each time point between 9 and 14 
years. The modelling of determinants of skeletal age deviation was completed using 
a purely Black sample as this part of the analysis utilised early life measures and 
many of the White children, as they were only recruited at age 10/11 years, did not 
have recorded early life information. The information that was available, for 
example birth weight, was based on recall and may have been subject to recall bias. 
Pubertal Onset Sample 
The sample used to establish the relationship between skeletal maturation and the 
onset of puberty was selected from the Bone Health sample. The availability of 
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skeletal maturity data and an estimation of age at onset of puberty determined 
inclusion into this analysis sample. An estimate for the time at entry into B2, 02, 
PH2 or an estimate of the age at menarche was necessary for inclusion. Figure 3 .I 
shows the breakdown of the pubertal onset analysis sample. The sample included 
both Black and White children. 
Secular Trends Sample 
The study of hand-wrist radiographs undertaken by Levine (1972) (reviewed in 
section 2.5) focussed on children aged 6 - 11 years. As no hand-wrist radiographs 
are available for the Bone Health cohort until 9 years of age, the 9 - 11 year olds 
were compared with children of the 1962/63 Pretoria National Nutrition Study 
(PNNS). The Bone Health sample size was selected to match the number of children 
within each gender and ethnic group studied in the PNNS. The cross-sectional 
sample for each year group was selected at random using SPSS from those cases 
with available hand-wrist radiographs at that age. Only in the case of White males 
aged between 9-9.99 years were there too few children in the Bone Health sample to 
match the sample size of the PNNS, the reasons for which have been previously 
explained, and in this case all available cases were included in the analysis sample. 
There are no significant differences in the mean chronological age between the 
Bone Health and PNNS samples and the mean age of each of the samples is close to 
the midpoint for the age group. 
3.1.4 Sample and Effect Size 
A total sample size of 683 children was available for the proposed current variation 
analysis (n=341 females). Using a 95% confidence interval (za = 1.96), 80% Power 
(z~ = 0.84) and a SD of 1.0 year (based on British, Belgian, Argentinean, Mexican, 
Pakistani and Chinese populations) a sample of 32 subjects is required to detect a 
one year difference in skeletal age between ethnic groups using an independent 
samples t-test. In order to detect a difference of0.5 years a sample size of 126 
subjects is required. The current cohort of 683 children was divided by age and 
ethnicity. Each group provided a sufficient sample size to detect at least a 0.5 year 
difference in skeletal age. 
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In order to perform a multiple linear regression analysis with 10 independent 
predictors, performing significance tests at a= 0.05 (95% confidence) with a 
medium effect size (r=0.30) a sample size of 117 is needed (Cohen, 1992) which 
was met by both male and female models. Where a predictor was significantly 
associated with the outcome 95% confidence intervals were checked to ensure that 
the effect of the predictor on the outcome was estimated with good precision. 
Measures of effect size (R2) were reported for each of the linear regression model~, 
which provide an indication of the amount of variance in the outcome variable 
explained by the model. 
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3.2 Skeletal Maturity Measures 
3.2.1 Hand Wrist Radiography 
The hand-wrist radiographs in the Bone Health study were all taken and developed 
by trained radiographers in the Paediatric X-ray department of the Johannesburg 
General Hospital. The same X-ray room and the same processing machine were 
used for each radiograph and the machines serviced regularly by the department. 
Two cassettes were marked specifically for bone age and these used a single film 
for a clearer bone detail. The left hand was positioned so that the x ray beam was 
focussed on the distal end of the third metacarpus. The exposure factor used was 
42kV and 12.5 mAs and the distance was standardised at 76cm in accordance with 
the optimal radiograph conditions described by Tanner and Whitehouse (200 1 ). The 
radiation exposure involved in obtaining the hand wrist radiographs was 
approximately 0.01 milliSieverts (mSv) per radiograph (Cameron, 2003). This 
corresponds to one-fiftieth of the maximum recommended dosage to children 
involved in research projects (Cameron, 2003). 
3.2.2 Tanner and Whitehouse (TW3) 
3.2.2.1 Training 
The procedure for skeletal age assessment using the Tanner and Whitehouse (TW3) 
technique was learned in the UK according to the protocol outlined in the TW3 
system which is reproduced below (Tanner et al., 2001 ). The originators used 113 
radiographs of 1 0 children followed longitudinally for 12 years to compile the 
reference radiographs used in the technique (Tanner et al., 2001). For the purpose of 
learning the technique, 30 of these original radiographs were used and the steps 
outlined in figure 3.2 followed. 
Having followed the procedure for learning the system an inter-observer reliability 
study was completed using the 30 radiographs. The radiographs were arranged in a 
random order and rated by myself (NH) and Professor Noel Cameron (NC), one of 
the originators to the TW technique. Inter-observer reliability was calculated using 
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a standard error of measurement (SEM). The SEM between the two observers was 
0.214 which was similar to previously reported values (Beunen & Cameron, 1980; 
Helm, 1979; Baughan et al., 1979; Vignolo et al., 1992; Tanner et al., 1994). 
TW3 Learning Procedure 
1. Arrange the radiographs in serial order 
2. Taking one bone at a time, in the order radius, ulna, metacarpals I, Ill, V, proximal 
phalanges I, Ill, V, middle phalanges I, Ill, V, distal phalanges I, Ill, V, capitate, 
hamate, triquetra!, lunate, scaphoid, trapezium, trapezoid, look at each radiograph 
in turn and by reference to the text and the definitive ratings observe how the 
criteria are applied. Make notes on any problems encountered. 
3. Discuss the problems with an experienced rater 
4. Arrange the radiographs in random order 
5. Rate the random series using the textbook but without reference to the definitive 
ratings 
6. Analyse the ratings by comparison with the definitive ratings. An underrating has a 
negative sign assigned to it and an overrating has a positive sign. The positive and 
negative signs are totalled to provide an indication of observer bias. By analysing 
within stages and within bones an indication is gained of which stages of particular 
bones are causing problems. These problems are discussed with the experienced 
rater and if necessary some bones may be re-rated. 
Figure 3.2 The TW31earning procedure (from Tanner et al., 2001) 
3.2.2.2 Assessment 
Radiographs were analysed cross-sectionally in year groups (in line with the yearly 
data collection waves) and in numerical order according to their Bone Health ID 
number. The ID of the participant and the gender were the only available 
information during analysis to avoid potential bias through knowledge of 
chronological age. 
The RUS technique was employed for the purpose of this study, which includes the 
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radius, ulna, and the metacarpals of the first, third and fifth phalanx. Bones were 
rated in the order radius, ulna, metacarpals I, Ill, V; proximal phalanges I, Ill, V; 
middle phalanges Ill, V; distal phalanges I, Ill, V (Figure 3.5). An alphabetic rating 
was given to each bone using the pictorial and descriptive standards presented in the 
Third Edition of the Tanner and Whitehouse manual (Tanner and Whitehouse, 
2001). Figure 3.3 shows the radius as an example of the standards outlined in the 
technique. Skeletal maturity ratings and the gender of each participant were 
recorded on paper before being entered into the RUS Bone Utility software 
(Harcourt Publishers Ltd., London). The generated RUS bone score and estimated 
bone age were then captured into an SPSS database (Version 14.0). 
During fieldwork, maturity ratings were carried out for all year nine, year 13 and 
year 14 radiographs. Radiographs at year nine, 10, 11 and 12 had previously been 
rated by an experienced radiographer at the University of the Witwatersrand. The 
original scoring sheets for those ratings were included with the radiographs in each 
individual's file. The scoring sheets for the year nine assessments were, however, 
missing from the files of all individuals, so this year group was re-rated using the 
original radiographs. 
In order to check whether the ratings by the previous radiographer could be included 
in this study the inter-observer reliability between the radiographer and myself was 
calculated for each of the three year groups that had been previously rated. The 
inter-observer reliability was calculated using a 10% sample of the available 
radiographs for each age group. A standard error of measurement below 0.5 was 
considered acceptable (Beunen & Cameron, 1980; Helm, 1979; Baughan et al., 
1979; Vignolo et al., 1992; Tanner et al., 1994). and the results below indicated that 
the original bone ratings of the radiographer could be inputted into the database for 
arialysis. 
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BOYS' SCORES 
RUS 59 
RUS 87 
RUS 138 
RUS 213 
Figure 3.3: 
Hfj 
Stage F 
(i) The proximal border of the epiphysis is now differentiated 
Into palmar and dorsal surfaces; the palmar surface Is visible 
as a broad, Irregularly thickened white line at the proximal 
edge of the epiphysis. 
(ii) Both ends of the epiphysis, but particularly the medial one, 
have grown outwards and proximally since the last stage so 
that the proximal border now conforms to the shape of the 
metaphysis along most of its extent 
Stage G 
(i) The dorsal surface now has distinct Innate and scaphoid 
articular edges joined at a small hump. 
(ii) The medial border of the epiphysis has developed palmar and 
dorsal surfaces for articulation with the ulnar epiphysis; either 
the palmar or the dorsal surface may be the one that projects 
medially, depending on the position of the wrist. 
(iii) The proximal border of the epiphysis is now slightly concave. 
Stage H 
(i) The epiphysis now caps the metaphysis on one (usually the 
medial) or both sides. 
Stage I 
(i) Fusion of the epiphysis and metaphysis has begun. A line may 
still be visible, composed partly of black areas where the 
epiphyseal cartilage remains and partly of dense white areas 
where fusion is proceeding; or the line may have disappeared. 
Methods 
GIRLS' SCORES 
RUS 78 
RUS 114 
RUS 160 
RUS 218 
Pictorial and descriptive standards given for the radius stage F -1 
(taken from Tanner and Whitehouse, 2001) 
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Table 3.1 Standard Error of Measurement between radiograph assessors 
Data Collection Wave 
Year 10 
Yearll 
Year 12 
Sample Size 
47 
48 
48 
Standard Error of 
Measurement 
0.256 
0.225 
0.196 
The bone scores generated by the previous radiographer were calculated according 
to the TW2 technique. The TW3 method uses the same criteria for the alphabetic 
ratings, only the weighting of the scores and consequent bone age calculations are 
altered (Tanner et al., 2001). For this reason the original alphabetic assessments of 
the radiographer for year I 0, 11 and 12 were inputted into the TW3 bone age utility 
(Harcourt Publishers Ltd., London) and the TW3 bone age captured into the 
database for analysis. 
3.2.3 Greulich-Pyle 
3.2.3.1 Assessment 
The Greulich-Pyle Atlas (1959) was used for the analysis of the hand-wrist 
radiographs in the Bt20 sample in order compare these children with the Pretoria 
children of 1962. The protocol for assessment used by Levine in his 1972 study was 
followed exactly for consistency between the two studies, further detail of the 
methodology used was obtained from Levine (1969). 
The method of centre-by-centre analysis introduced originally by Pyle et al. (1948) 
was used to assess the hand-wrist radiographs (in accordance with Levine's 
methodology). A skeletal age was assigned to each centre in the hand and wrist and 
the overall skeletal age obtained by averaging these values. The radiographs were 
analysed in a random order and the only information available during rating was the 
sex and Bone Health ID number of the child. All ages were hidden before 
commencing the ratings to avoid bias. 
By paging through the atlas one or two standards were selected which superficially 
resembled most closely the film being assessed. A detailed analysis of the skeletal 
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age of each component centre was then carried out. The skeletal age of individual 
centres was assessed by consultation of the outline drawings of the maturity 
indicators given in the Greulich and Pyle Atlas (1959). Accompanying each of the 
drawings is a description of the maturity indicator depicted. In the first and younger 
of each pair of standards the maturity indicator has not yet appeared but is visible in 
the second or older of them. In other words the indicator has appeared somewhere in 
the interval of time which elapsed between the taking of the two radiographs which 
provide the two available standards, If the maturity indicator concerned makes its 
appearance closer in time to the younger than to the older standard radiograph the 
former is printed in bold face type. Alternatively if it appears closer to the older 
standard then the latter is printed in bold face type. By reference to the text opposite 
the standards the skeletal age of a centre when it undergoes a particular maturational 
change can be determined (Figure 3.4). 
MATURITY INDICATORS 
OF THE EPIPHYSIS OF THE FIRST METACARPAL 
I 
Ossification in the epiphysis begins from a single center 
or, occasionally, from multiple centers. 
Male Standards 8 and 9 
F ernale Standards 7 and 8 
Figure 3.4: Outline drawing of maturity indicators (from Greulich and Pyle, 
1959) 
Each ossification centre was assigned a skeletal age which was that of the centre in 
the atlas which it most resembled. This was done by comparison with the same 
centre in three adjacent standard radiographs and the use of outline drawings and 
descriptions of the maturity indicators. Where necessary, interpolation was carried 
out between adjacent standards to arrive at a skeletal age value for a particular 
centre. 
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Of the 31 distinct ossification centres which appear during the process of hand-wrist 
ossification, the following 25 centres were used for the assessment of skeletal age: 
• Capitate 
Middl7halanges 
• Hamate 
• Lunate 
Proximal 
• Triquetra! 
• Scaphoid 
• Trapezium 
• Trapezoid 
• Metacarpal I 
Carpal • Metacarpals II - V 
bones 
.a-scaphoid • Proximal Phalanx I 
L-Lunat. 
P-Pislform 
• Proximal Phalanges II - V y,. Triquetra! 
H-Hamatt 
I c-capltatl • Middle Phalanges II -V 
' 
T·Trapezold 
'I T2-Trapezlum Distal Phalanges II - V • 
Figure 3.5: Bones of the hand and wrist 
(http://www.pncl.co.ukl-belcher/imageslhbones.gif- accessed 20th 
January 2008) 
3.2.3.2 Exclusion of Centres 
The ulna epiphysis, the pisiform (which is obscured by the triquetra! for some time 
after its appearance) and the adductor and flexor sesamoids of the thumb were 
excluded from the skeletal age assessments in line with Levine's methodology 
(Levine, 1969). The pisiform and the sesamoids of the thumb are late ossifying 
centres which are likely to be absent from the hand-wrist radiographs of a high 
percentage of children aged 9-11, the population with which this study is concerned. 
The ulna epiphysis was judged by Levine to undergo only a small change in shape 
during this period, therefore this epiphysis was also excluded. 
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.3.2.3.3 Assignment of Age to Delayed Ossification Centres 
During the study of the Bt20 radiographs no instances were noted where a hand-
wrist epiphysis was absent. There were, however, instances of significantly delayed 
ossification in the trapezium, triquetra! and the lunate. Rather than omit these 
centres or assign a very young skeletal age a compromise suggested by Greulich 
and Pyle (1959) was employed, in accordance with the methodology used by Levine 
(1972). The skeletal age was recorded as slightly less than the modal age which that 
ossification centre was given in the research series. Some authors (e.g. Gametal., 
1964) regard such a procedure as being technically incorrect. However, due to the 
age range studied it was not necessary to resort frequently to this procedure. Modal 
ages were assigned in only two cases. Thus it is unlikely that the assignment of 
modal bone ages to significantly delayed centres had any appreciable effect on the 
final results of this study. 
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3.3 Routine Data Collection 
3.3.1 Anthropometry 
Participants in the Bone Health study are seen annually and a battery of 
anthropometric measures obtained. These anthropometric variables form part of 
the child I adolescent questionnaire (Appendix II). More than 20 anthropometric 
variables were recorded for each participant at yearly intervals between 9 and 14 
years. Each assessment followed standard procedures (Cameron, 1984) and key 
measurement techniques are outline below. 
3.3.1.1 Height 
Standing height was measured using a Holtain Stadiometer (Holtain Ltd., UK) 
which measures to 0.1 cm. The subject was asked to remove footwear and 
positioned, where possible, with the heels, buttocks, shoulders and the back of the 
head touching the vertical board of the stadiometer. The heels were placed together 
and the arms allowed to hang freely by the sides with the palms facing the body. 
The head was positioned in the Frankfurt Plane and the subject instructed to take a 
deep breath and maintain an erect position. Pressure was applied to the mastoid 
processes to maintain the maximal level to which the head was raised. Height in 
centimetres was recorded once for each participant. 
3.3.1.2 Weight 
Weight was measured in light clothing with the participant barefoot, using digital 
electric scales (Dismed, USA). The participants stood with both feet completely on 
the scale and faced forward with the arms relaxed by the sides. Measurement was 
taken once the weight displayed had stabilised for more than two seconds. Weight 
in kilograms was recorded once for each participant 
3.3.1.3 BMI 
Body mass index was calculated using the following formula: 
BMI =Weight (kg) I Height (m)2 
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The standards of Cole et al. (2000) and the International Obesity Task Force (IOTF) 
were used to calculate the child's BMI status e.g. underweight I normal I at risk of 
overweight I obese. These cut-off points are recommended for use in international 
comparisons of prevalence of overweight and obesity. 
Underweight BMI-for-age < 5th percentile 
Normal Weight BMI-for-age 5th - 90th percentile 
Overweight BMI-for-age 90th - 97th percentile 
Obese BMI-for-age >97th percentile 
3.3.2 Body Composition 
3.3.2.1 Skinfold Measurements 
Skinfold measurements were taken using a Holtain Skinfold Caliper (Holtain Ltd., 
UK) measuring up to 46mrn at 0.2mm gratings. All measurements were taken on 
the left side of the body. Clothing was removed at the site of the measurement. 
Palpation was used to identify the correct site for measurement. The thumb and 
index finger were used to elevate a double fold of skin and subcutaneous adipose 
tissue. Error may arise from the inconsistency of subcutaneous tissue and the 
individual way in which each observer collects the fold of tissue. This is an issue of 
particular relevance for subjects with thicker skinfolds. For this reason the number 
of measurers was kept to a minimum and a standardised procedure followed. There 
were two male and two female measurers at any one time point in the Bone Health 
study. Skinfolds were elevated by placing the thumb and the index finger on the 
skin about 8cm apart on a line perpendicular to the long axis ofthe future skinfold. 
Care was taken to only elevate the skin and the adipose tissue. The observer 
maintained a grip on the skinfold with one hand and released the trigger of the 
caliper with the other to allow the caliper to exact its full pressure on the chosen 
site. 
The level of measurement for the triceps skinfold was determined by measuring the 
distance between the lateral projection of the acromion process and the inferior 
margin of the olacranon process of the ulna with the elbow flexed at 90 degrees. 
The midpoint was marked on the lateral surface of the left arm. This site marked the 
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midline of the posterior surface directly above the triceps muscle. The subject was 
measured standing with the palm directed anteriorly. 
For the sub-scapula skinfold the measurer palpated the inferior angle of the scapula. 
In overweight subjects a slight rotation of the arm postero-medially was used to 
locate the landmark. The subject stood erect with a relaxed shoulder and arms 
hanging freely by the sides. The caliper was applied at an infero-Jateral angle of 45 
degrees just below the inferior angle of the scapula. All skinfold measurements 
were taken three times and an average value derived for input into the growth 
database. 
3.3.2.2 Centripetal Fat Ratios 
Sub-scapular and triceps skinfold measurements were used to calculate centripetal 
fat ratios (CFR) using the following formula: 
Sub-scapula I (sub-scapular I triceps) 
Centripetal fat ratios are used as an index of relative distribution of central and 
subcutaneous adiposity (Bogin & Sullivan, 1986), with increased central fat 
deposition indicated by a high ratio of sub-scapular to triceps skinfolds. 
3.3.2.3 Duel-Energy X-ray Absorptiometry (DXA) 
A fan-beam densitometer (model QDR 4500A; Ho logic Inc, Bedford, MA) was 
used to obtain DXA scans for the assessment of body composition. Fat mass (kg) 
and Jean tissue mass (kg) were calculated using software version 8.21 (Hologic Inc.) 
using standardised positioning of the subject and consistent procedures for scan 
analysis. A trained technician performed all DXA scans. Bone free Jean mass was 
calculated by subtracting total body bone mineral content from total body Jean 
mass. 
3.3.3 Peri-Natal Factors 
Data were collected during antenatal clinic appointments and at birth with 
questionnaires administered by Bt20 staff. Data were collected on the history of the 
Bt20 pregnancy and previous pregnancies including the mother's age at the time of 
delivery, parity and gravidity. 
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At birth the type and length of the delivery were recorded as were the child's gender 
and ethnicity. Birth weight was initially recorded by birth attendants and then by 
trained Bt20 observers upon notification of the birth. Infants were classified into 
low, average and high birth weight using the following criteria: 
Low Birth Weight (LBW) 
Average Birth Weight (ABW) 
High Birth Weight (HBW) 
Birth Weight 
<2.5 kg 
2.51 -4.00 kg 
> 4.01 kg 
Gestational age was calculated using the mothers report of the last menstrual period. 
Infants whose birth weight fell below the I Oth percentile of sex and gestational-age 
specific references (Williams, 1982) were classified as small for gestational age 
(SGA). 
3.3.4 Post-Natal Factors and Childhood Growth 
The anthropometric variables collected during childhood and infancy are 
summarised in table 3.2. Data were collected at seven time points during the first 
ten years of the Bt20 study. In 1993 (cohort age 3) data collection was temporarily 
suspended to allow all the project's resources to be devoted to tracing children that 
had been 'lost' to attrition in the first three years of the study (Richter et al., 2007). 
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Table 3.2: Anthropometric data available for analysis from infancy and 
childhood 
1 yr 2yr 4yr 5yr 8yr 
Direct Measurement 
Height X X X X X 
Weight X X X X X 
Derived Variables 
BMI X X X X X 
Normal/overweight/obese X X X X 
Height-for-age Z Score X X X X X 
Weight-for-age Z Score X X X X X 
Weight-for-height Z Score X X X X X 
Stunting1 X X X X X 
Height velocityt X X X X X 
Weight velocity§ X X X X X 
Rapid Growth*' X 
3.3.5 Pubertal Development 
3.3.5.1 Pubertal Assessment in the Bone Health. Cohort 
In the Bone Health cohort pubertal status was assessed from nine years of age using 
the Tanner staging technique for pubertal assessment (Marshall & Tanner, 1969, 
1970). In years nine and 10 pubertal development was assessed by physician 
examination during routine data collection. Foil owing the Year 10 cycle of data 
collection a self-assessment questionnaire was introduced to assess Tanner stage. 
The questionnaires observe subjective measures of pubertal development and 
supply line drawings (Morris & Udry, 1980 adapted from Marshall & Tanner, 1969, 
1970) for the adolescents to compare their development with. The questionnaires 
used were gender specific and included sections on somatic development, for 
1 Stunted children were identified as those having a height-for-age Z score less than two standard 
deviations below the mean for the sample 
1 Height velocity (cm/yr'1) was calculated by dividing change in height by time (Tanner et al., 1966) 
§ Weight velocity (kg/ yr'1) was calculated by dividing change in weight by time (Tanner et al., 1966) 
" The rapid growth variable refers to the categorisation of infants according to whether they 
experienced normal growth, catch-up growth or catch down growth during the first two years of life 
(Ong et al., 2000) 
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example "Have you grown taller in the last six months?", menarcheal status and the 
development of secondary sexual characteristics. This technique has been validated 
in this study population (Norris & Richter, 2005). Figures 3.6-3.9 show the 
questionnaire assessment of secondary sex characteristics using Tanner staging. 
3.3.5.2 Defining the Onset of Puberty 
The onset of puberty in each adolescent was defined by their entry into Tanner stage 
2 of either breast I genitalia development or pubic hair development. As the data 
were collected at yearly intervals the mid-point was calculated between the age at 
which an adolescent last reported being in Tanner stage I and the first time they 
reported being in Tanner Stage 2. More detail on the methods used and the cleaning 
procedures for these data are reported by Jones (2008). 
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I. IRAWHlG A 
The breast is flat. 
2. OOAWING B 
( 
The breast is a small 
mound. The areola 
(circle around the 
nipple) is larger. The 
nipple is slightly 
raised. 
3. OOAWING C 
.. ',•.'. ,,.,.··. 
\ 
The areola circle has 
gotten bigger, and the 
breast has increased 
in size and more cone· 
shaped 
4. IRAWING D 
The areola and the 
nipple make up a 
mound that sticks up 
above the shape of the 
breast. Small bumps 
may be developing on 
the areola. The breast 
may have gotten 
bigger and rounder. 
Figure 3.6: Assessment of physical development questionnaire: female breast development 
' ... 
5. IRAWING E 
r 
The breasts are fully 
developed and extend 
to the arm pit, there 
are small bumps on 
the areola around the 
nipple, and only the 
nipple sticks out in 
this stage. 
Methods 
\ 
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1. DRAWING A •. 
There is no pubic hair 
2. ~INGB 
Texture of the hair is 
soft. 
Density of the hair is 
little. 
Distribution of the 
hair is along the mid-
line. Pubic hair may be 
straight or curly 
3. ~ING C 
T 
Texture of the hair is 
coarser. 
Density of the hair is a 
little more. 
Distribution of the 
hair has spread out 
thinly, up the mid-line, 
and covers a 
somewhat larger area. 
4. ~ING n 
'," I. 
Texture of the hair is 
coarse. 
· Density of the hair is 
much more. 
Distribution of the 
hair covers a large 
area in a triangular 
shape, but has not 
spread to the thighs. 
The hair is a darker 
colour. 
Figure 3.7: Assessment of physical development questionnaire: female pubic hair 
5· DRAWING E 
Texture of the hair is 
coarse. 
Density of the hair is 
that of an adult. 
Distribution of the 
hair has spread to the 
thighs and moved up 
the mid-line. 
Methods 
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I. lllAWIN3 A 
There has been no 
. change in the testes 
(balls), scrotum (sack 
holding the balls), and 
penis. · 
2. mAWIN3.B 
-·---
The scrotum has 
lowered a bit, and the . 
skin of the scrotum 
has changed 
(smoother). The 
testes, scrotum and 
penis have gotten a 
little larger. 
3. mAW!NG C 
\"··~Y 
"'8···· . . 
The scrotum has 
dropped lower than in 
stage 2. The testes, 
scrotum and penis 
have grown more. 
Figure 3.8: Assessment of physical development questionnaire: male genitalia 
4. mAW!N3 D 
·~$fitri#P/ . ·(':·~W .. 
!.A;_\ • .' 
.. ~tl ,· . 
~ . 
The scrotum is bigger 
because the testes 
have gotten bigger. 
The penis has grown 
even larger and wider. 
The head of the penis 
is bigger 
5. mAW!N3 E 
There have been no 
further size changes in 
the penis, scrotum, 
and testes. 
Methods 
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I. DRAWING A 2. DRAWING B 3. DRAWING C 4. DRAWING D s. DRAWING E 
/ 
There is no pubic hair Texture of the hair is Texture of the hair is Texture of the hair is Texture of the hair is 
soft. coarser. coarse. coarse. 
Density of the hair is Density of the hair is a Density of the hair is Density of the hair is 
little. little more. much more. that of an adult. 
Distribution of the Distribution of the Distribution of the Distribution of the 
hair is at the base of hair has spread out hair covers a large hair has spread to the 
the penis, especially thinly and covers a area but has not thighs and moved up 
on the sides. Pubic somewhat larger area spread to the thighs. the mid-line. 
hair may be straight or around the base of the The hair is a darker 
curly penis. colour. 
Figure 3.9: Assessment of physical development questionnaire: male pubic hair 
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3.3.6 Socio-Economic Status 
Household socio-economic status (SES) was assessed by questionnaires administered 
to the mother or the primary care giver of each child during each data collection 
wave. Table 3.3 summarises the available indicators of SES at each time point. The 
questionnaires used to assess SES were altered at various time points during the 
collection of data on the bone health cohort but common themes are maintained 
throughout. Availability of similar indicators of SES at birth, late childhood (9/1 0 
years) and adolescence (13/14 years) allow changes in SES to be assessed. 
Table 3.3: Socio-economic indicators available for analysis from infancy, 
childhood and adolescence 
SES Indicator Time Point (Year unless othenvise indicated) 
Care giver's Marital Status Antenatal 6m 1 2 4 5 7 9/10 ll/12 13 14 
Maternal Education Antenatal 1 2 7 
Paternal Education Antenatal 2 
Caregiver' s Education 6m 2 5 9/10 ll/12 13 
TypeofHome Antenatal 1 2 4 5 7 9/10 13 14 
Home Ownership Antenatal 1 2 5 7 13 
No. of People in Household Antenatal 6m 1 2 4 5 7 9/10 ll/12 13 14 
Household Income 1 4 5 7 9/10 
Water Facilities Antenatal 6m 7 9/10 13 
Toilet Facilities Antenatal 6m 7 9/10 13 
Refuse Facilities Antenatal 6m 2 7 9/10 13 
Electricity Antenatal 6m 2 4 5 7 9/10 ll/12 13 
Household Assets Antenatal 2 4 5 7 9/10 11112 13 
Health Service Use 6m 4 5 11/12 13 14 
Exposure to StressNiolence 6m 5 7 9/10 ll/12 13 14 
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3.4 Data Cleaning Procedures 
During fieldwork systematic data cleaning procedures were employed to detect and 
correct erroneous data within the bone age database. A sample of the data cleaning 
report is included in appendix Ill (the full report is stored with the Bt20 data 
management team). The bone age assessments were initially recorded in paper files. 
The paper alphabetic scores for the TW3 technique and the bone scores for the G&P 
technique were then entered into separate bone age databases. The same cleaning 
procedures were followed for each dataset. A random 5% sample from the database 
was initially selected with which to determine the accuracy of the transfer from paper 
files to the bone age database. A 1% error limit was set and the 5% sample did not 
exceed this limit. Where errors were identified the database was corrected. 
3.4.1 Cross-Sectional Cleaning 
Data for each year group were cleaned cross-sectionally. Firstly, each case that was 
identified in the database as missing radiographs from the analysis period (year 9-14) 
was checked against the paper file. If the radiograph was found to be present within 
the paper file it was rated and the bone score added to the database. 
A 5% random sample for each year was then extracted from the dataset and the bone 
age given checked against the raw data in the paper files. A 1% error limit was again 
set for this process and at no year did the error exceed this limit. If a case was found 
to be erroneous the radiograph was completely re-rated, the score re-calculated and 
the accurate information captured into the bone age database. The data were then 
divided into age-sex-ethnicity groups. Z scores were calculated for bone age within 
each group and all cases plus or minus two Z-Scores were identified, re-rated and re-
scored. Adjustments were made to the bone age given in the database if necessary. 
All adjustments made to the database (and the reason for the adjustment) are given in 
the cleaning report in Appendix Ill. 
3.4.2 Longitudinal Cleaning 
Upon completion of the cross-sectional data cleaning procedures further longitudinal 
cleaning tasks were undertaken to ensure the validity of the dataset. Flag variables 
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were created which subtracted the bone score at, for example, year I 0 from the bone 
score at year 11. This procedure was undertaken systematically for all year groups. 
All cases that were flagged as negative indicated the regression of a child in terms of 
bone maturity. These cases were firstly checked against the paper files for errors in 
data input. If an error was found the bone score was recalculated and the correct 
information inputted into the database. If the paper files indicted a regression in bone 
score and no data entry error was evident, the radiographs from both years were re-
rated and the new bone scores entered into the database. All adjustments to the 
original database are recorded in the cleaning report (Appendix Ill). Those cases 
demonstrating no change in bone score between two data collection points were also 
cleaned using the same procedure. 
The second step in the longitudinal cleaning process was to calculate further flag 
variables relating to the rate of change between two years. This process flagged those 
cases that showed unusually small or unusually large amounts of progression in bone 
score between one year and the next. For this process the cases were again divided 
into groups by sex and ethnicity to allow for differing rates of bone maturation 
within ethnicity I sex groups. Z Scores were calculated from the rate of change flag 
variable and those cases showing change + I - 2 Z Scores were flagged. The 
radiographs corresponding to both years were re-rated and any necessary adjustments 
made to the database (see Appendix Ill). 
3.4.3 Intra-Observer Reliability 
In order to assess intra-observer reliability over time a group of radiographs were 
assessed using the TW3 method at the start of the three month period used to collect 
data for this study and again at the end of the three month period. 136 radiographs 
were selected randomly from the completed bone age database (5% of the available 
radiographs). These radiographs encompassed all time points (year nine to fourteen) 
and both genders and ethnicities. The standard error of measurement was calculated 
as 0.107. There was, therefore, little change in the assessment of radiographs during 
the data collection period. A similar procedure was undertaken using the Greulich-
Pyle technique. 25 radiographs (5% of the total radiographs rated using this 
technique) were rated and then re-rated a month later. The standard error of 
measurement calculated was 0.203, again within the acceptable limits of error. 
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3.5 Quantitative Analysis 
3.5.1 Bivariate Analysis 
All data analyses were undertaken using the Statistical Package for the Social 
Sciences (SPSS) version 15.0 (SPSS Inc., Chicago, IL, USA). Bivariate comparisons 
between ethnic groups and between sexes were employed to assess differences in 
bone age, bone score and other measures. Independent t-tests were used for 
continuous variables and Pearson's Chi2 tests for categorical variables. P<O.OS was 
used to assess statistical significance between groups. 
3.5.2 Principal Components Analysis 
Principal components analysis (PCA) was used to construct birth and end of 
childhood (year 9/1 0) indices for socio-economic status. PCA has been shown to be a 
valid data reduction technique (Filmer & Pritchett, 2001) and in this analysis 
provided a means of adding numerous socio-economic factors into regression models 
in the form of two explanatory variables, thus maintaining statistical power. The two 
explanatory variables created were consumer durables, which included ownership of 
various household items (car, TV, fridge, washing machine, and telephone), and 
sanitation which was a measure of running water and toilet facilities. Table 3.4 
summarises the percentage of variance explained by each index and the 
corresponding eigenvalue. The values for the percentage variance explained are 
higher than those given by Filmer & Pritchett (200 1) who advocate the use of PCA. 
All PCA models were checked for multicollinearity between variables and the KMO 
statistics (0.672-0.719) indicated that all models yielded distinct and reliable factors 
(Kaiser, 1974). Maternal marital status and maternal education at the time of birth 
were kept as separate indicators as an association has been shown between these 
factors and body composition outcomes in the Bt20 cohort (Griffiths et al., 2008). 
3.5.3 Linear Regression Model Building 
Model building in this study was theory driven rather than using statistically built 
models (i.e. stepwise methods) which retain parameters solely on the strength of their 
statistical associations with the outcome. Review of the skeletal maturity literature 
(see chapter two) highlighted a number offactors that have been shown to be 
associated with advanced/delayed skeletal maturation. Those factors identified in the 
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Table 3.4 Variance in SES explained by using a PCA index 
Consumer Variables Index Sanitation Index 
%variance Eigenvalue %variance Eigenvalue 
explained explained 
Black Males at Birth 43.77 1.75 77.00 
Black Females at Birth 42.65 2.13 76.71 
Black Males at Year 9/10 40.45 1.618 86.79 
Black Females at Year 9/1 0 41.62 2.50 78.97 
literature that were available in the Bt20 dataset were then grouped into 'blocks' by 
their chronological time point (e.g. birth, two years etc.) (see table 3.5). 
!.54 
1.53 
1.736 
!.58 
The outcome measure for the regression models was relative skeletal maturity (RUS 
skeletal age- chronological age). This measure takes into account the degree to 
which a child is advanced/delayed in their skeletal maturation relative to their 
chronological age, and there is, therefore, no need to control for chronological age in 
any model. Bivariate analysis was used to decide which variables would be included 
in the outcome model. Each individual variable was regressed on the outcome 
measure (relative skeletal maturity). Those variables that were significantly 
associated with the outcome (p<0.05) and those that were borderline significant 
(p<O.IO) were retained in the analysis as well as a number of variables controlling for 
current stature. Once a list of significant variables was created each variable was 
correlated against all others to address issues ofmulticollinearity. Where two 
variables were eo-linear the strength of the bivariate association with the outcome 
was considered and the variable with the strongest association was retained in the 
analysis. 
Studenmund & Cassidy (1987) argue that for theory based models, the enter method 
oflinear regression is the only appropriate technique. As the models included birth, 
infant, mid- and late-childhood factors the model was built in chronological order in 
order to observe what percentage of the variance in relative skeletal maturity was 
explained by each block of variables. Cases were excluded on a pairwise basis in the 
models so that if an individual was missing data for one particular variable their 
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information was still used for those variables that were present. This technique 
improved sample size and statistical power. 
Upon creation of a model, a number of checks were undertaken to assess the validity 
of the model. Pearson correlations between the variables were again checked for 
collinearity. VIF and tolerance values were checked and in no cases exceeded 
expected values. Case diagnostics highlighted individual cases with residuals greater 
than or less than two. In such cases, the Cooks Distance and leverage values were 
checked, and in no cases were these values close to exceeding problematic levels. 
Where a predictor was significantly associated with the outcome 95% confidence 
intervals were checked to ensure that the effect of the predictor on the outcome was 
estimated with good precision. 
Table 3.5 Available Bt20 measures for regression analysis 
Birth 
Birth weight 
SGA 
Maternal Parity 
Maternal Marital 
Status 
Maternal Education 
Consumer Durables* 
Sanitation* 
Infancy (Year 2) 
Height 
Weight 
BMI 
Triceps skinfold 
Subscapular skinfold 
Rapid Growth 
Stunting 
Early Childhood 
(Year 4) 
Height 
Weight 
BMI 
Triceps skinfold 
Subscapular skinfold 
*Derived from PCA analysis as described in section 3.5.2 
3.5.4 Secular Trends Analysis 
Late Childhood (Year 
9/10) 
Height 
Weight 
BMI 
Triceps skinfold 
Subscapular skinfold 
Fat mass (DXA) 
Lean mass (DXA) 
Pubertal status 
Consumer Durables* 
Sanitation* 
Data from Bt20 and the Pretoria National Nutrition Study (PNNS) (1962-1965) were 
compared. Data from the PNNS were only presented in sununary form in previous 
publications (Levine, 1972; Fellingharn, 1966; Smit, Potgieter and Fellingham,l967), 
therefore independent two-samples t-tests were used to compare skeletal age and 
anthropometric data using the mean and standard deviation of the reported data. 
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3.6 Fieldwork 
A twelve week fieldwork trip to Johannesburg, South Africa was completed between 
August and November 2007. As these analyses utilise a large amount of secondary 
data many of the measures (such as height, weight) used in this study were collected 
prior to the fieldwork by the researchers and staff of the Bt20 project dirring annual 
data collection. All of the data gathered on each of the participants in the Bone 
Health study are stored in paper files located at the University of the Witwatersrand 
Medical School in Johannesburg General Hospital. The purpose of the fieldwork was 
primarily to retrieve the radiographs for each adolescent and assess skeletal maturity 
at each age between nine and fourteen years. In total I rated 1772 radiographs using 
the TW3 technique and recorded the bone scores on paper, 949 other radiographs in 
this age range had previously been rated by a trained radiographer and paper scoring 
sheets were filed along with the radiographs. I captured all2721 paper scoring sheets 
into a bone age database and completed the cleaning procedures discussed in section 
3.4 . The sub-study using Greulich-Pyle assessment required that I rate 333 
radiographs using this method. These data were also cleaned and entered into a 
separate database. The process of skeletal maturity assessment for each radiograph 
took approximately ten minutes per radiograph, in order to make an accurate 
assessment. The radiograph ratings therefore took a total of around 350 hours to 
complete. 
The assessments of skeletal maturity were captured into a bone age database, cleaned 
and incorporated into the main Bone Health growth database for use by researchers 
on the project and outside collaborators. Capturing the data from the paper files into 
SPSS version 15.0 (SPSS Inc., Chicago, IL, USA) took a total of around 30 hours to 
complete. Cleaning procedures are described in section 3.4 and took a total of around 
80 hours. 
As described, some skeletal maturity assessments had been made by a trained 
radiographer prior to this study and detailed inter-observer reliability studies were 
necessary to assess whether these data could be included in this study and to ensure 
the continuity of assessment throughout the five years of radiograph collection. 143 
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radiographs (approximately 10% of the sample at each year, see table 4.2) were 
assessed by myself, and compared with previous estimates to ensure reliability (see 
section 3.2.2.2). During the fieldwork another researcher at the project was trained in 
the TW3 skeletal maturity assessment technique so that they could continue with the 
skeletal maturity assessments post-14 years. This involved completing training in the 
assessment technique over a period of six weeks and the assessment of inter-observer 
reliability. 
The fieldwork was also an opportunity to observe and participate in the collection of 
other data, including administering questionnaires and taking anthropometric 
measurements. Four weekend days per month were spent as part of the data 
collection team, approximately eleven days in total. During the twelve week 
fieldwork I also participated in weekly steering committee meetings to discuss 
progress of data collection and was involved in the trial and subsequent modification 
of the standard questionnaires. 
In addition to the work undertaken for my PhD I have also spent considerable time 
contributing to the compilation of a complete bone age database for the study. We 
now have hand-wrist radiographs at each year from nine years to eighteen. Post year 
fourteen these radiographs have been rated by the researcher trained during my 
fieldwork in South Africa. The radiographs have been digitalised which has enabled 
me to complete data cleaning on these radiographs while in the UK. Spreadsheets of 
each year's data are sent to the UK and standard cleaning procedures followed. Any 
queries are returned to the Bone Health team who send the corresponding 
radiographs for assessment. Frequent inter-observer reliability studies have also been 
undertaken between myself and the Bone Health researcher to ensure the quality of 
radiograph assessments is maintained. 
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Chapter Four: Results 
Chapter four presents the results of the study of skeletal maturation in the Birth to 
Twenty cohort. The skeletal maturity of the cohort is described before the factors 
associated with skeletal age de~iation are identified using multivariate regression 
analysis. Skeletal maturity during puberty is described and secular trends in South 
Africa are considered. 
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4.1 Results: Variation in Skeletal Maturity 
This chapter addresses variation in skeletal maturity in the BH cohort. Comparisons 
are made between the children of the Bt20 Bone Health cohort and the references of 
Tanner and Whitehouse (TW3) (Tanner et al., 2001). Within the cohort, Black and 
White children are compared and differences in the maturation of males and females 
identified. The rate of skeletal maturation between nine and fourteen years is also 
assessed. 
4.1.1 Sample Characteristics 
The Bone Health sub-study of the Bt20 project was used to examine variation in 
skeletal maturity. The criteria for inclusion in the Bone Health sub-study have been 
discussed in section 3.1.2. For cross-sectional analyses any child in the sample with 
a hand-wrist radiograph was included. There were no significant differences 
between ethnic groups or between sexes in mean chronological age at each data 
collection time point and chronological age for each group was close to the 
midpoint for the range of data collection. A core longitudinal sample was also 
identified, comprising individuals with a hand-wrist radiograph at each time point 
between nine and fourteen years. Table 4.1 shows the characteristics of the analysis 
sample (the Bone Health study) and the core longitudinal sample and compares 
those characteristics to the Bt20 population as a whole. 
For regression analysis children were required who had data at birth, infancy (year 
two), early childhood (year 4) and late childhood (year 9/1 0). The sample was 
therefore composed of368 Black children (n=194 male). The sample was purely 
Black children as many White children did not have measures of birth and infancy 
due to their recruitment at nine or ten years of age. The ethnic differences observed 
in skeletal maturity prevented the combination of Black and White children into one 
. sample and there were not sufficient White children to maintain statistical power in 
a separate regression analysis. As recruitment to the study was still ongoing in year 
nine, year nine and ten were combined to maximise sample size when the outcome 
was considered. Children seen in year nine were included in the analysis before 
selecting children seen in year ten who were missing year nine data. 
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Table 4.1 Comparison of the characteristics of the Bt20 cohort, the Bone 
Health Cohort and the core longitudinal sample used to examine current 
variation in skeletal maturity 
Characteristics Bt20 Cohort • 6 Bone Health Study 6 Core 
(n=3273) (n=683) Longitudinal 
SamJ:!Ie b {n=313} 
Population Group 
African 2568 (78%) 418 (61 %) 253 (81%) 
White 207 (6%) 265 (39%) 60 (19%) 
Colouredllndian 498 (16%) 
Maternal Age 
<17 years 92 (3%) 17 (3%) 11 (3%) 
17-19 392 (12%) 74 (12%) 41 (13%) 
20-38 2692 (82%) 533 (83%) 255 (82%) 
39+ 95 (3%) 13 (2%) 5 (2%) 
Gestational Age 
<37weeks 388 (12.7%) 70 (13%) 37 (12%) 
37-41 2773 (87%) 471 (86%) 271 (87%) 
42+ 11 (0.3%) 9 (1%) 2 (1%) 
Birth Weight 
<1500g 30 (1%) 5 (1%) 3 (1%) 
1500-2499 322 (10%) 57 (8%) 31 (10%) 
2500-3999 2827 (86%) 589 (88%) 266 (86%) 
4000+ 89 (3%) 22 (3%) 9 (3%) 
• Source: Richter et al., 2007 
b Birth data were occasionally missing for individuals in the cohort, therefore only those 
with data for the corresponding variable have been included in the comparison 
Table 4.2 swnmarises the number of children seen at each data collection time point 
during the Bone Health study and the number from whom a hand-wrist radiograph 
was obtained. The percentage of children who received a hand-wrist radiograph 
ranged between 90.5% and 98.7%. Restrictions in the opening hours of the 
radiology department at Johannesburg General Hospital accounted for most cases 
where children attended data collection but did not receive a hand-wrist radiograph. 
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Table 4.2 A summary of sample size at each data collection, indicating how many children were seen and had hand-wrist 
radiographs taken 
Data Collection Point Year9 Year 10 Year 11 Year 12 Year 13 Year 14 
Seen 
White Males 40 72 71 70 61 62 
White Females 38 66 71 80 69 78 
Black Males 166 181 193 189 180 192 
Black Females 145 159 173 166 166 169 
Total (n) 389 478 508 505 476 501 
HW Radiograph 
White Males 30 72 72 64 55 59 
White Females 32 61 68 70 67 77 
Black Males 153 178 179 184 179 185 
Black Females 137 161 158 160 159 167 
Total (n) 352 472 477 478 460 488 
% 90.49 98.74 93.90 94.65 96.64 97.41 
Longitudinal Sample 
White Males 68 57 44 34 27 
White Females 52 48 39 33 32 
Black Males 169 161 148 140 133 
Black Females 156 145 133 124 121 
Total (n~ 445 411 364 331 313 
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The longitudinal sample size is also identified in table 4.2. Each time point gives an 
indication of how many children had radiographs at that time point and all previous 
time points (from year nine). The longitudinal sample of White children is small by 
year 14 and extra resources have been targeted at maintaining that longitudinal 
sample in the coming years. 
4.1.2 Bone Age Statistics 
Table 4.3 presents the mean skeletal ages of the cross-sectional sample at each data 
collection time point. White females were skeletally advanced in comparison to 
White males in terms of bone age at all time points with the exception of the year 
ten data collection, although the advancement was not significant at any age when 
tested with an independent samples t-test (p>0.05). Black females were skeletally 
delayed in comparison to Black males during years nine and ten before surpassing 
the males and remaining significantly in advance for the other data collection points 
(p<O.OOl). Bone scores, presented in table 4.4, represent the progress of an 
individual towards full maturity (Tanner et al., 1962). Females were clearly more 
advanced in terms of their progress towards full maturity with bone scores of 439 
and 402 at year nine for White and Black females respectively, compared to 278 and 
273 in White and Black males respectively. By year 14 females of both ethnic 
groups had completed over 90% of their skeletal maturation whilst White males had 
completed between 60 and 70%. 
Figures 4.1 and 4.2 summarise the results oft-tests between ethnic groups at each 
age group for males and females respectively, after bonferroni correction for 
repeated tests. White and Black males are not significantly different between year 
nine and year eleven. In year 12, 13 and 14 White males are significantly in advance 
of Black males (p<O.OOl). There are no significant differences in bone age between 
White and Black females. 
Figures 4.3 and 4.4 show the average bone scores of the males and females of the 
Bt20 study compared with TW3 standards (Tanner et al., 2001). Males of both 
ethnic groups are around the 25th centile during years 9-11 of data collection. 
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Table 4.3 Mean Chronological Age, RUS bone age and standard deviation (in years) at each data collection point 
Data Collection Point Year9 Year 10 YearU Year 12 Year 13 Year 14 
White Males n 30 72 72 64 ss 57 
Bone Age 8.86 (1.12) 10.08 (0.72) 10.98 (0.81) 12.16 (1.18) 13.39 (1.15) 14.40 (1.25) 
White Females n 32 61 68 70 67 75 
Bone Age 9.04 (1.07) 10.02 (1.18) 11.23 (1.11) 12.23 (1.07) 13.47 (1.08) 14.33 (0.89) 
Black Males n 153 178 179 184 179 185 
Bone Age 8.90 (0.55) 9.99 (0.70) 10.85 (0.72) 11.47 (0.96) 12.75 (1.17) 13.53 (1.32) 
Black Females n 137 161 158 160 159 164 
Bone Age 8.46 (0.99) 9.88 (1.10) 11.24 (1.25) 12.13 (1.19) 13.38 (1.13) 14.29 (0.87) 
Table 4.4 Mean RUS bone score and standard deviation at each data collection point 
Data Collection Point Year9 Year 10 Year 11 Year 12 Year 13 Year 14 
White Males n 30 72 72 64 ss 57 
Bone 278.23 (37.78) 324.04 369.78 (48.69) 449.30 555.24 682.05 
Score (35.25) (92.40) (109.58) (149.91) 
White Females n 32 61 68 70 67 75 
Bone 439.25 (63.86) 511.41 608.29 (102.77) 703.74 828.31 920.88 (96.83) 
Score (91.54) (103.76) (118.80) 
Black Males n 153 178 179 184 179 185 
Bone 273.07 (19.86) 317.41 361.12 (46.30) 398.30 496.28 575.82 
Score (31.13) (68.21) (102.37) (137.75) 
Black Females n 137 161 158 160 159 164 
Bone 402.28 (59.94) 497.52 611.84 (115.03) 694.94 821.94 918.82 108 
Score (89.63) (119.39) (125.43) (102.74) 
•• 
14.41 
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Figure 4.1 Bone Age comparison between White and Black males 
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Figure 4.2 Bone Age comparison between White and Black females 
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After year 12, Black males track consistently around the 25th centile, falling just 
below by year 14. The significant difference in bone score between White and 
Black males becomes evident after year 12 when the White males move upwards 
through the centiles to just above the 50th centile by year 14. These results suggest 
that the bone scores of White males at each time point post-year 12 are comparable 
with those of the European and American reference sample used by Tanner et al. to 
create the TW3 standards. The bone scores of Black males are consistently below 
those of the reference population. As suggested by the fact that there were no 
significant differences in the bone age of White and Black females post-year 9, the 
females of the Bt20 sample follow a similar trajectory regardless of ethnicity. Both 
groups offemales track between the 25th and 50th centile of the TW3 references 
from year I 0 to 13, after which both groups fall to the 251h centile. This suggests the 
bone scores of the Bt20 females are lower than those of the European/ American 
TW3 reference population. The centiles of each child in the longitudinal sample 
were averaged over the data collection period (9-14 years), and Chi squared analysis 
used to determine whether the distribution of centile scores was significantly 
different from the reference population. All groups showed distributions 
significantly different from the TW3 population (p<0.001) with a higher proportion 
of children in the lower centiles and a lower proportion in the upper centiles. This 
pattern was particularly evident in the Black children from the cohort. There were 
very few black males, in particular, who had bone scores above the 50th centile. 
Only 12 boys out of the 133 studied had an average bone score, over the six years of 
observation, above the 50th centile. 
Figure 4.5 shows the rate of skeletal maturation in males and females from the core 
longitudinal sample. Rate of maturation was calculated by dividing the change in 
bone age between data collection points by the change in chronological age between 
the same time points. If the child were progressing at the rate suggested by the TW3 
references, the rate of maturation would be one bone 'year' per chronological year. 
All groups progressed at a rate close to one bone 'year' per chronological year. The 
fact that at the majority oftime points all groups are progressing at a rate greater 
than expected suggests that for children in this cohort to show the delay observed, 
some insult to skeletal maturation must have occurred prior to the period of data 
collection. This finding necessitates the study of childhood, infant, and birth factors 
112 
Results 
in exploring the factors which influence skeletal maturation. It should be noted that, 
with the exception of White males, all groups showed a marked decrease in the rate 
of maturation at year eleven, however, the lack of consistency in the magnitude of 
this decrease suggests that this is random variation rather than any biological or 
methodological issue. 
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4.2 Results: Factors Influencing Relative Skeletal 
Maturity 
As indicated by the literature review, a number of growth and socio-economic 
characteristics have been shown to be associated with skeletal maturation. The 
regression models used in this analysis were based on measures obtained at birth, 
year 2, year 4, and year 9/10. These time points were chosen both to maximise 
sample size and capture birth, infancy, early, and late childhood. Table 4.5 indicates 
available growth variables and the characteristics of the analysis sample. Measures 
of stature were included in the analysis (weight, height, and BMI) as well as growth 
velocities and measures of body composition (skinfolds and DXA measurement of 
lean and fat mass). Table 4.6 indicates the key socio-economic variables and the 
characteristics of the sample. Both tables indicate the grouping of categorical 
variables where appropriate. 
Table 4.5 Key growth characteristics 
Variable n Males n Females 
Birthweight (kg) (Mean [SD)) 193 3.2 (0.5) 173 3.0 (0.5) 
Low Birth Weight(%) 18 9.3 23 13.3 
Average Birth Weight(%) 169 87.6 147 85.0 
High Birth Weight(%) 6 3.1 3 1.7 
Gestational Age (weeks) (Mean [SD)) 194 38.1 (1.6) 174 37.7 (3.3) 
Pre-term (:536 weeks) (%) 22 11.3 28 16.1 
Term (37-41 weeks)(%) 172 88.7 146 83.9 
Post-term (2:42 weeks)(%) 0 0.0 0 0.0 
Maternal Parity 
Primaparous (%) 76 39.2 75 43.6 
Non-primaparous (%) 118 60.8 97 56.4 
Height at 2 Years (cm) (Mean [SD)) 141 83.3 (4.0) 117 82.5 (3.7) 
Weight at 2 Years (kg) (Mean [SD)) 141 11.6 (1.8) 117 11.5 (1.5) 
BMI at 2 Years (kg/m2) (Mean [SD)l 141 16.7 (2.2) 117 16.8 (2.0) 
Weight Velocity 0 to 2 years (kg/yr·) (Mean 128 4.3 (0.8) 91 3.8 (0.9) 
[SD)) 
Stunting at 2" 
Not stunted at 2 (%) 98 69.5 91 77.8 
Stunted at 2 (%) 43 30.5 26 22.2 
Rapid growthb 
Normal growth/catch down growth(%) 109 77.9 87 74.4 
RaJ2id ![Owth (%) 31 22.1 30 25.6 
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Table 4.5 continued Key growth characteristics 
Variable n Males n Females 
Weight Status at 2 
Underweight/Normal Weight(%) 82 78.8 58 76.3 
Overweight/Obese(%) 22 21.2 18 23.7 
Triceps skinfold at 2 Years (mm) (Mean [SD)) 74 6.4 (1.7) 71 6.0 (1.9) 
Subscapular skinfold at 2 Years (mm) (Mean 74 6.6 (1.2) 71 6.3 (1.4) 
[SD)) 
Height at 4 Years (cm) (Mean [SD)) 180 98.9 (4.1) 161 98.4 (3.9) 
Weight at 4 Years (kg) (Mean [SD)) 180 15.4 (1.9) 161 15.1 (2.0) 
BMI (kglm2) (Mean [SD)) 180 15.7 (1.3) 161 15.6 (1.3) 
Height Velocity 2 to 4 years ( cm/yr-1) (Mean 133 8.6 (1.8) 113 8.5 (1.6) 
[SD)) 
Weight Velocity 2 to 4 years (kglyr"1) (Mean 133 2.1 (0.8) 113 2.0 (0.7) 
[SD)) 
Triceps skinfold at 4 Years (mm) (Mean [SD)) 180 9.5 (1.9) 157 10.4 (2.3) 
Subscapular skinfold at 4 Years (mm) (Mean 179 5.1 (1.0) 155 5.6 (1.5) 
[SD)) 
Stunting at 4 • 
Not Stunted at 4 (%) 140 77.8 130 80.7 
Stunted at 4 (%) 40 22.2 31 19.3 
Weight Status at 4 
Underweight/Normal Weight(%) 169 94.4 150 93.2 
Overweight/Obese(%) 10 5.6 11 6.8 
Height at 9/10 Years (cm) (Mean [SD)) 192 133.7 (6.1) 174 134.6 (6.0) 
Weight at 9/10 Years (kg) (Mean [SD)) 192 29.9 (5.5) 174 30.5 (6.7) 
BMI at 9/10 Years (kglm2) (Mean [SD)) 192 16.6 (2.1) 174 16.7 (2.8) 
Triceps skinfold at 9/10 Years (mm) (Mean 190 9.1 (3.4) 172 10.9 (4.8) 
[SD)) 
Subscapular skinfold at 9/10 Years (mm) 190 6.5 (3.7) 172 7.8 (5.0) 
(Mean [SDI) 
Fat mass at 9/10 Years (kg) (Mean [SD)) 192 6.4 (3.7) 174 8.8 (4.8) 
Lean mass at 9/10 Years (kg) (Mean [SD))< 192 19.0 (2.9) 174 18.2 (3.3) 
Pubertal Status 
Non-pubertal(%) 140 77.3 113 66.1 
Pubertal (% 2 41 22.7 58 33.9 
' Stunted children were identified as those having a height-for-age z score less than two 
standard deviations below the mean for the sample 
b Children demonstrating rapid growth were those who showed an increase of +0.67 SDS in 
weight between 0-2 years (Ong et al., 2000) 
' Lean mass refers to bone free lean mass calculated by subtracting total body bone mineral 
content from total body lean mass 
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Age- and sex-specific internal Z-scores were calculated for measures of height, 
weight, BMI, skinfolds, and fat and lean mass at each time point. Whilst internal z 
scores may not be appropriate for external comparisons, it is important to accurately 
identify those children who are growing more quickly or more slowly within their 
own environment. For example, if an external reference for rapid growth were used, 
a very small proportion of the BH cohort would be identified as having rapid 
growth, thus diminishing statistical power to detect an association with skeletal 
maturity in this cohort. This approach was also used in a recent study by Demerath 
et al. (2009). 
Table 4.6 Key socio-economic characteristics 
Variable n 
Maternal Age at Birth (years) (Mean [SDI) 192 
Maternal Marital Status at Birth 
Single (includes separated, divorced, widowed) 140 
(%) 
Married/Cohabiting(%) 54 
Maternal Education at Birth" 
<grade 10 (%) 103 
>grade 10 (%) 91 
Primary Caregiver's Marital Status at 9/10 
Years 
Single (includes separated, divorced, widowed) 107 
(%) 
Married/Cohabiting(%) 87 
Primary Caregiver's Education at 9/10 
years• 
<grade 10 (%) 100 
>grade 10 (%) 94 
Males 
26.0 (5.8) 
72.2 
27.8 
53.1 
46.9 
55.2 
44.8 
51.5 
48.5 
n Females 
172 25.5 (6.3) 
140 80.5 
34 19.5 
101 58.0 
73 42.0 
90 51.7 
84 48.3 
82 47.1 
92 52.9 
• Maternal or primary caregiver's education was divided at grade 10 as this is the equivalent to 
completing high school education in South Africa 
SES index scores generated by PCA were also added to regression models to 
capture sanitation (access to running water and toilet facilities) and ownership of 
consumer durables (e.g. television, car, telephone, microwave, washing machine). 
The measures indicated above capture SES at birth and at the time of skeletal 
maturity assessment (year 9/1 0) only. This is as a result of the questionnaires used 
by the bone health study in the period between these time points, which did not 
capture the elements of socio-economic status considered relevant in this analysis. 
117 
Results 
Relative skeletal maturity (RUS bone age - chronological age) was chosen as the 
outcome measure for regression modelling as this indicates advancement or delay in 
skeletal maturity with regard to chronological age. A negative relative skeletal 
maturity indicates that the child is delayed for their chronological age while a 
positive value indicates the child is advanced. Models for males and females are 
presented separately in order to examine the factors influencing the skeletal maturity 
of the sexes individually. 
4.2.1 Factors Influencing Relative Skeletal Maturity in Males 
Each of the variables shown in tables 4.5 and 4.6 were entered into individual linear 
regression models with relative skeletal maturity at year 9/10 as the outcome (see 
methods, section 3.5 .3 for a detailed description of the model building procedure). 
Twelve variables were significant predictors of relative skeletal maturity in Black 
males (p<0.05). These variables are shown in table 4. 7 along with their 
unstandardised beta coefficient and standard error. 
Table 4.7 Predictors of relative skeletal maturity in males: significant 
predictors from individual linear regression models 
Variable n 8 SE ~ 
Maternal Marital Status at Birth 192 -0.209 0.093 0.026* 
Height-for-age at 2 (Z-score) 139 0.188 0.046 0.000** 
Weight-for-age at 2 (Z-score) 139 0.204 0.045 0.000** 
Rapid Growth 139 0.124 0.041· 0.003** 
Stunting at 2 139 -0.482 0.096 0.000** 
Height-for-age at 4 (Z-score) 178 0.195 0.041 0.000** 
Weight-for-age at 4 (Z-score) 178 0.182 0.042 0.000** 
Height-for-age at 9/10 (Z-score) 190 0.169 0.041 0.000** 
Weight-for-age at 9/10 (Z-score) 190 0.170 0.041 0.000** 
BMI at 9/10 (Z-score) 190 0.117 0.042 0.006** 
Lean mass at 9/10 (Z-score) 190 0.201 0.040 0.000** 
Consumer Durables at 9/10 187 0.083 0.034 0.014* 
* p<0.05, ** p<O.Ol 
All measures of size at year 9/10 were significantly associated with current relative 
skeletal maturity as were lean mass and a measure of consumer durable ownership. 
Weight-for-age and BMI at 9/10 years were collinear with lean mass at 9/10 years 
and therefore excluded from further models (see section 3.5.3 for a more detailed 
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explanation of model building rationale). Despite not being significant independent 
predictors of relative skeletal maturity, pubertal status, and fat mass at year 9/10 
were retained in further models as literature has been identified consistently linking 
these variables with skeletal maturity (see background). Height-for-age and weight-
for-age at 4 years were both significant predictors of skeletal maturity and included 
in further models. Stunting at 2 and weight-for-age at 2 were included in further 
models as measures of body size at the end of infancy. Height-for-age at 2 was 
excluded due to eo-linearity with the measure of stunting and the measure of rapid 
growth excluded due to eo-linearity with weight-for-age. No birth variables except 
maternal marital status were significantly associated with the relative skeletal 
maturity, however previous publications using data from the bone health cohort 
found significant associations of birthweight with relative skeletal maturity 
(Demerath et al., 2009) so this measure has been retained (birth weight Z-score ). 
SGA has also been retained as a measure of birth size. Table 4.8 presents unadjusted 
models, entering data in blocks according to timepoint. 
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Table 4.8 Predictors of relative skeletal maturity in males: unadjusted 
models 
Model1 Model2 Model3 Model4 
Variable B (SE) p B (SE) p B (SE) p B (SE) p 
Birthweight 
SGA 
Maternal 
Marital 
Status 
Stunting at 2 
Weight-for-
age at 2 
Height-for-
age at 4 
Weight-for-
age at 4 
Height-for-
age at 9/10 
Fat Mass at 
9/10 
Lean Mass at 
9/10 
Pubertal 
Status 9/10 
Consumer 
Durables 
9/10 
0.009 0.843 
(0.048) 
-0.114 0.446 
(0.149) 
-0.208 0.028 
(0.094) 
-0.376 0.000 
(0.105) 
0.143 0.004 
(0.048) 
0.135 0.034 
(0.063) 
0.081 0.199 
(0.063) 
0.043 0.493 
(0.063) 
0.012 0.791 
(0.044) 
0.173 0.006 
(0.062) 
-0.127 0.209 
(0.101) 
0.079 0.016 
(0.032) 
AdjustedR2 0.015 0.191 ** 0.109** 0.132** 
Model significance: * p<O.OS ** p< 0.01 
Table 4.8 shows that the Model!, using birth variables, accounts for 0.15% of the 
variation in relative skeletal maturity at year 9/10. Maternal marital status remains 
the only significant predictor. The year 2 variables shown in model 2 account for 
the largest proportion of the variance in relative skeletal maturity (19.1 %). Weight 
at year 4 becomes insignificant when included with height at year 4 (p>O.l 0) and 
' 
the year 4 model accounts for 10.9% of the variance in relative skeletal maturity. 
Height-for-age at year 9/10 becomes insignificant when included with other current 
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variables. Fat mass and pubertal status remain insignificant. Lean mass Z score and 
consumer durables at year 9/10 remain strongly significant predictors (p<0.01 and 
p<0.05 respectively). Table 4.9 presents adjusted models controlling for the current 
(year 9/1 0) factors. 
Table 4.9 Predictors of relative skeletal maturity in males: adjusted models 
controlling for current factors 
Model la Model2a 
Variable B~SE~ 2 B ~SE~ 2 
Birth weight -0.050 0.299 
(0.048) 
SGA -0.042 0.776 
(0.149) 
Maternal Marital Status -0.155 0.098 
(0.093) 
Stunting at 2 -0.371 0.003 
(0.123) 
Weight-for-age at 2 0.108 0.071 
(0.059) 
Height-for-age at 9/10 0.045 0.477 -0.086 0.276 
(0.063) (0.079) 
Fat Mass at 9/10 0.007 0.883 -0.018 0.734 
(0.045) (0.052) 
Lean Mass at 9/10 0.181 0.004 0.161 0.027 
(0.062) (0.072) 
Pubertal Status at 9/1 0 -0.136 0.181 -0.058 0.610 
(0.101) (0.114) 
Consumer Durables at 0.074 0.024 0.055 0.137 
9/10 {0.0332 (0.0372 
Adjusted R2 0.136** 0.207** 
Model significance: •• p< 0.01 
After controlling for current factors, model 2a, which includes infant variables, 
explains more of the variance than model 1 a which contains birth variables. 
Maternal marital status at birth becomes borderline significant (p<O.l 0) in model 
la. Stunting at 2 remains highly significant (p<O.Ol) whilst weight-for-age at 2 
becomes borderline significant after controlling for current factors. Neither of the 
year 4 variables were included at this point due to eo-linearity with current lean 
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mass. Lean mass is the only current variable that remains significant when included 
in a model with both birth and infant factors. Consumer Durable ownership at year 
9/10 is significant when included with birth variables only. Table 4.10 shows a final 
model of the predictors of relative skeletal maturity, constructed by including both 
birth and year 2 variables with current factors. 
Table 4.10 Predictors of relative skeletal maturity in males: final model 
Model1b 
Variable B(SE) p 
Birthweight -0.091 0.099 
(0.055) 
SGA -0.053 0.748 
(0.164) 
Maternal Marital Status -0.141 0.173 
(0.103) 
Stunting at 2 -0.371 0.003 
(0.123) 
Weight-for-age at 2 0.132 0.031 
(0.060) 
Height-for-age at 9/10 -0.084 0.286 
(0.078) 
Fat Mass at 9/10 -0.027 0.599 
(0.052) 
Lean Mass at 9/10 0.170 0.020 
(0.072) 
Pubertal Status at 9/10 -0.065 0.572 
(0.114) 
Consumer Durables at 9/10 0.051 0.164 
{0.0372 
Adiusted R2 0.218** 
Model significance: ** p<0.01 
The final model shows that stunting at 2, weight-for-age at 2, and lean mass at 9/10 
years are independent significant predictors of relative skeletal maturity at year 
9/10. Whether or not a Black male is stunted at year 2 is a more significant predictor 
of relative skeletal maturity at year 9/10 than height-for-age at the time of skeletal 
maturity assessment. Measures of mass both during infancy and at the time of 
assessment are important predictors of skeletal maturity. SES factors, both at birth 
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(maternal marital status) and current consumer durables score, become insignificant 
when included with biological measures, however their significance in previous 
models should be noted. Including birth, year 2, and current factors in a regression 
model explains a total of 21.8% of the variance in relative skeletal maturity at age 
9/10. 
4.2.2 Factors Influencing Relative Skeletal Maturity in Females 
Each of the variables shown in tables 4.9 and 4.10 were entered into individual 
linear regression models with relative skeletal maturity at year 9/1 0 as the outcome. 
10 variables were significant predictors of relative skeletal maturity in Black 
females (p<0.05). These variables are shown in table 4.11 along with their 
unstandardised beta coefficient and standard error. 
Table 4.11 Predictors of relative skeletal maturity in females: significant 
predictors from individual linear regression models 
Variable n B SE p 
Stunting at 2 115 -0.713 0.202 0.001 ** 
Height-for-age at 2 115 0.282 0.085 0.001 ** 
Weight-for-age at 2 115 0.276 0.085 0.002** 
Height-for-age at 4 159 0.296 0.070 0.000** 
Weight-for-age at 4 159 0.305 0.069 0.000** 
Height-for-age at 9/10 172 0.210 0.068 0.002** 
Weight-for-age at 9/10 172 0.192 0.068 0.006** 
Fat mass at 9110 172 0.374 0.064 0.000** 
Lean mass at 9/10 172 0.537 0.057 0.000** 
Pubertal status at 9/10 171 0.853 0.134 0.000** 
* p<0.05, ** P<O.OI 
Height, weight, and fat and lean mass at 9/10 years were significantly associated 
with relative skeletal maturity as was pubertal status. Neither measure of SES at 
9/10 years was individually significant however the consumer durables variable was 
included in subsequent models for consistency with the male analysis (see section 
4.2.1 ). Year 9 weight was excluded from further models due to eo-linearity with 
both fat and lean mass (see methods section.3.5.3 for a detailed description of the 
model building procedure). Weight-for-age and height-for-age at 4 were 
significantly associated with current relative skeletal maturity. Weight-for-age at 4 
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was eo-linear with current lean/fat mass and was therefore excluded however year 4 
height was included as a measure of childhood stature. At year 2, stunting, height, 
and weight were all individually significant predictors of relative skeletal maturity. 
Similar to in the male analysis, height-for-age at 2 and stunting at 2 were eo-linear. 
In this case height-for-age showed a greater magnitude of association than stunting 
but stunting was retained in further models, again for consistency with the male 
analysis. All birth variables were insignificant, however, as with males, these 
factors were carried forward into the adjusted models. Table 4.12 shows unadjusted 
models entering data in blocks according to time point. 
Table 4.12 Predictors of relative skeletal maturity in females: unadjusted 
models 
Variable 
Birth weight 
SGA 
Maternal Marital 
Status 
Stunting at 2 
Weight-for-age at 2 
Height-for-age at 4 
Weight-for-age at 4 
Height-for-age at 9/10 
Fat Mass at 9/10 
Lean Mass at 9/10 
Pubertal Status at 9/10 
Consumer Durables at 
9/10 
Adjusted R2 
Model1 
8 (SE) p 
0.109 0.130 
(0.071) 
0.193 0.363 
(0.211) 
0.116 0.519 
(0.180) 
0.004 
Model2 
8 (SE) p 
-0.562 0.008 
(0.208) 
0.203 0.021 
(0.087) 
0.139** 
Model3 
8 (SE) p 
0.154 0.142 
(0.104) 
0.190 0.070 
(0.104) 
0.121 ** 
Model4 
8 (SE) p 
-0.089 0.186 
(0.067) 
0.068 0.310 
(0.067) 
0.411 0.000 
(0.077) 
0.499 0.000 
(0.136) 
0.005 0.891 
(0.035) 
0.390** 
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Model I, using birth variables, explains 0.04% of the variance in relative skeletal 
maturity at year 9/10. All birth variables included in the model were insignificant. 
Model 2 and 3 explained a similar proportion of the variance (13.9% and 12.1% 
respectively). Stunting at 2 is shown to be an independent predictor of relative 
skeletal maturity as are weight-for-age at year 2 and year 4. Lean mass and pubertal 
status are significant in model 4 and the current measures explain the most variance 
in relative skeletal maturity (39.0%). Table 4.13 presents adjusted models 
controlling for current factors. 
Table 4.13 Predictors of relative skeletal maturity in females: adjusted 
models controlling for current factors 
Model la Model2a 
Variable B (SE) p B(SE) p 
Birth weight -0.053 0.374 
(0.060) 
SGA 0.102 0.648 
(0.125) 
Maternal Marital Status 0.017 0.908 
(0.143) 
Stunting at 2 -0.347 0.055 
(0.179) 
Weight-for-age at 2 -0.072 0.402 
(0.086) 
Height-for-age at 9/10 -0.084 0.210 -0.078 0.339 
(0.066) (0.081) 
Fat Mass at 9/10 0.102 0.132 0.111 0.246 
(0.068) (0.095) 
Lean Mass at 9/10 0.443 0.000 0.487 0.000 
(0.081) (0.109) 
Pubertal 9/10 0.522 0.000 0.546 0.002 
(0.136) (0.169) 
Consumer Durables at -0.004 0.918 -0.006 0.879 
. 9/10 {0.035} {0.0422 
AdjustedR2 0.399** 0.420** 
Model Significance: •• p<O.Ol 
After controlling for current factors, model la (which includes birth measures) 
explains 39.9% of the variance in relative skeletal maturity. Lean mass at 9/10 years 
and pubertal status are the only significant predictors in this model. In model 2a 
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42.0% of the variance in relative skeletal maturity is explained. Stunting at 2 
becomes borderline significant (p<O.l 0) while lean mass and pubertal status at year 
9/10 remain significant. Neither of the year 4 variables were included at this point 
due to eo-linearity with current lean mass. Table 4.14 shows a final model of the 
predictors of relative skeletal maturity, constructed by including both birth and year 
2 variables with current measures. 
Table 4.14 Predictors of relative skeletal maturity in females: final model 
Modellb 
Variable B (SE) p 
Birthweight -0.124 0.151 
(0.085) 
SGA 0.356 0.099 
(0.214) 
Maternal Marital Status 0.041 0.837 
(0.197) 
Stunting at 2 -0.384 0.036 
(0.180) 
Weight-for-age at 2 -0.071 0.425 
(0.089) 
Height-for-age at 9/10 -0.089 0.280 
(0.082) 
Fat mass at 9/10 0.126 0.198 
(0.097) 
Lean mass at 9/10 0.522 0.000 
(0.117) 
Pubertal status at 9/10 0.562 0.001 
(0.169) 
Consumer Durables at 9/10 -0.005 0.898 
(0.043) 
Adjusted R2 0.427** 
Model significance: ** p<O.Ol 
The final model shows that stunting at 2, lean mass at 9/10 years and pubertal status 
are significant independent predictors of relative skeletal maturity at 9/10 years. As 
with males, whether or not a child is stunted at 2 years is a stronger indicator of 
relative skeletal maturity than height-for-age measured at the time of skeletal 
maturity assessment. Contrary to the findings in Black males, pubertal status in 
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females is a strong independent predictor of relative skeletal maturity. In females no 
SES variables were significant at any stage of the regression analysis. Combining 
birth, year 2, and current variables in a regression model explains 42.7% of the 
variance in relative skeletal maturity. 
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4.3 Results: Skeletal Maturation and the Events of 
Puberty 
The relationship between skeletal maturity and the onset of puberty was examined 
using a sample selected from the Bone Health (BH) study. The aim of this analysis 
was to determine whether the processes of skeletal maturation and sexual 
maturation in the BH cohort were concordant. This analysis also considers whether 
chronological age or bone age is more variable at the onset of puberty to determine 
whether current skeletal maturity is a more accurate predictor of pubertal onset than 
chronological age. 
4.3.1 Sample Characteristics 
Selection of this sample was purposive depending on the availability of pubertal 
onset data. Females were included in the analysis sample if either onset of puberty 
or menarche data were present along with a corresponding bone age for that 
assessment. Males were included if onset of puberty data and a corresponding bone 
age were available. 166 females had available onset of puberty data while a further 
62 only had age at menarche. 188 males had data for the onset of puberty, giving a 
total sample size of 416 adolescents. 
Table 4.15 shows the characteristics of the analysis sample compared with the BH 
sub-study and the overall Bt20 population. The BH study consciously recruited 
White children to the cohort during year ten and eleven of the study (see section 
3.1.2) resulting in White children being represented in greater proportion in both the 
BH study cohort and the pubertal onset analysis sample. The proportion of White 
children included in the analysis sample however, was less than in the BH cohort as 
these children were not recruited until ten or eleven years of age and in many cases 
transition into breast stage 2 (B2), genitalia stage 2 (G2) or pubic hair stage 2 (PH2) 
had already occurred and an age at onset of puberty could not be determined. The 
analysis sample is considered to be representative of the children involved in the 
BH study and also the wider Bt20 cohort in terms of birth characteristics. 
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Table 4.15 Comparison of the characteristics of the Bt20 cohort, the Bone 
Health Cohort and the analysis sample used to examine skeletal maturation 
and pubertal events 
Characteristics Bt20 Cohort • Bone Health Cohort 6 Analysis Sample 6 
{n=3273} {n=683} {n=416} 
Population Group 
African 2568 (78%) 418 (61 %) 308 (74%) 
White 207 (6%) 265 (39%) 108 (26%) 
Coloured/lndian 498 (16%) 
Maternal Age 
<17 years 92 (3%) 17 (3%) 13 (3%) 
17-19 392 (12%) 74 (12%) 54 (13%) 
20-38 2692 (82%) 533 (83%) 337 (81%) 
39+ 95 (3%) 13 (2%) 9 (2%) 
Gestational Age 
<37weeks 388 (12%) 70(13%) 46 (11%) 
37-41 2773 (85%) 471 (86%) 358 (86%) 
42+ 11 (0.3%) 9 (1%) 5 (1%) 
Birth Weight 
<1500g 30 (1%) 5 (1%) 5 (1%) 
1500-2499 322 (10%) 57 (8%) 38 (9%) 
2500-3999 2827 (86%) 589 (88%) 366 (88%) 
4000+ 89 (3%) 22 (3%) 9(2%) 
• Source: Richter et al., 2007 
b Birth data were occasionally missing for individuals in the cohort, therefore only those 
with data for the corresponding variable have been included in the comparison 
Table 4.16 presents further characteristics of the analysis sample at the onset of 
puberty. Chronological age at the onset of puberty was calculated by finding the 
midpoint between the age at the last assessment at which the adolescent was rated as 
being in either B 1, G 1 or PHI and the age at the first assessment at which the 
adolescent was rated as being in 82, G2 or PH2. RUS bone age and RUS bone score 
were calculated in a similar marmer. The average weight, height, and BMI 
measurements given represent the last measurement of each of these parameters 
before the transition of the child into puberty. The timing of the onset of puberty in 
Black and White adolescents was compared using an independent samples t-test. 
There were no significant differences in the timing of pubertal events between 
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ethnic groups (p>0.05) therefore Black and White adolescents were combined for 
the purpose of this analysis. There was also no statistically significant difference in 
the RUS bone ages at which onset of puberty occurred (p>0.05). 
Table 4.16 Physical characteristics of the sample at the onset of puberty 
Measure Male (n= 188) Female (n=166) p value • 
Mean:!: SD Mean:!: SD 
Chronological Age (yrs) 10.91 ±0.86 10.97:!: 0.91 >0.05 
Height (cm) 137.50:!: 6.88 138.09:!: 6.77 >0.05 
Weight (kg) 32.49:!: 6.98 32.57 ± 7.37 >0.05 
BMI 17.06:!: 2.64 16.96 :!: 2.89 >0.05 
RUS Bone Age (yrs) 10.30:!: 0.88 10.14:!: 1.04 >0.05 
RUS Bone Score 332.44 :!: 44.34 529.28:!: 98.94 <0.001 
Skeletal Age Deviation (yrs)b - 0.61:!: 0.73 - 0.83 :!: 0.89 <0.05 
• Independent samples t-test between males and females 
b Skeletal Age Deviation (SAD)= RUS bone age- chronological age 
Both sexes enter puberty at a similar chronological age in this sample. There are no 
significant differences in height, weight, or BMI between sexes at the onset of 
puberty when compared using an independent samples t-test (p>0.05). Females 
experience the onset of puberty at a younger bone age than males by 0.16 years (1.9 
months). The difference in RUS bone scores between males and females suggests 
that in relation to the percentage of ossification completed, the secondary sex 
characteristics begin to develop at a significantly earlier stage of bone ossification in 
males compared with females (p<O.OOI). Pubertal onset in this sample occurs when 
approximately 33% of the ossification process is completed in males and 53% of the 
ossification process is completed in females (p<0.001). 
Skeletal age deviation (SAD) at the onset of puberty (RUS bone age - chronological 
age) was significantly greater in females than males (p<0.05). 80.9% of males and 
81.3% offemales had a delayed bone age in comparison with their chronological 
age at the onset of puberty. In those who exhibited a delayed bone age (n= 152 
males, 135 females) at the onset of puberty there was a significant correlation 
between the chronological age at onset and the degree of SAD (males: r= -0.485, 
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p<O.OOl; females: r= -0.280, p<O.Ol). Therefore, the later the onset of puberty the 
more delayed bone age was in comparison to chronological age. 
4.3.2 Relationship between chronological age and skeletal age at the onset of 
puberty 
Figures 4.6 and 4.7 show the relationship between chronological age and bone age 
at the onset of puberty in males and females respectively. In males, chronological 
age and bone age are positively and significantly correlated (r = 0.655, p<O.OOl). In 
females, chronological age and bone age are also positively and significantly· 
correlated (r = 0.588, p<O.OOl). These positive correlations indicate that those who 
enter puberty at a later chronological age also do so at a later skeletal age, implying 
a degree of concordance between the two maturational processes. 
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The ~orrelations between chronological and skeletal ages upon reaching individual 
stages of puberty are shown in Table 4.17. All correlations, in both males and 
females, were positive and statistically significant. 
Table 4.17 Correlations between chronological and skeletal age on reaching 
stages of pubertal development 
Stage n r p 
Girls B2 127 0.561 <0.01 
PH2 121 0.699 <0.01 
Menarche 177 0.425 <0.01 
Boys G2 131 0.672 <0.01 
PH2 161 0.663 <0.01 
The degree of SAD at the onset of puberty was compared with the degree of 
pubertal advancement/delay (pubertal age deviation [PAD]). PAD was assessed as 
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the individual's chronological age at the onset of puberty minus the average age at 
onset of puberty (10.91 years in males, 10.97 years in females). In males, SAD and 
PAD were positively correlated, indicating that those who exhibited an advanced 
age of onset of puberty also showed an advanced bone age (r= 0.391, p<0.001). 
Females exhibited a similar level of correlation (r = 0.329, p<0.001). 
4.3.3 Relationship between the Duration of Puberty and the increase in 
Skeletal Age during Puberty 
The duration of puberty in females was defined by Marshall (1974) as the difference 
between a girl's chronological age at entry into B2 and her chronological age at 
menarche. The limitations of this definition are discussed in chapter five, however, 
in this analysis sample no data were available on skeletal maturity at the end point 
of puberty (i.e. entry into Tanner stage five) so Marshall's definition is used as the 
measure of 'duration' of puberty. The difference in skeletal maturity between B2 
and menarche, therefore, gives a measure of the increase in skeletal maturity during 
puberty. There is no equivalent measure in males therefore only females were 
included in this analysis. Chronological age and skeletal maturity data were 
available at both B2 and menarche in 84 females. The mean duration of puberty was 
2.13 ± 0.83 years and the mean increase in skeletal maturity during puberty was 
2.43 years± 1.05 years. 
Bone age at the onset of puberty and the duration of puberty were significantly 
negatively correlated, r = -0.273 (p<O.OS), as were the chronological age at onset 
and the duration of puberty (r= -0.198, p=0.069). This indicates that within this 
sample those who entered puberty at a younger bone age experienced a longer 
duration of puberty and those who entered puberty at an older bone age experienced 
a relatively shorter duration of puberty. The length of puberty and the increase in 
skeletal maturity during puberty were positively correlated, r = 0.823 (p<0.001), 
suggesting that those who have a longer duration of puberty have a greater increase 
in skeletal maturity between B2 and menarche. 
Skeletal age at the onset of puberty was significantly negatively correlated with the 
increase in skeletal maturity during puberty, r = -0.401 (p<O.Ol). This suggests that 
those girls who enter puberty at a younger skeletal age show a greater increase in 
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bone age during puberty in line with a longer duration of puberty. Those who enter 
puberty at an older skeletal age experience a lesser increase in bone age during 
puberty. Mean bone age at menarche was 12.64 ± 0.72 years. The analysis sample 
was divided using a median split into early and late bone age at the onset of puberty. 
There was no significant difference in bone age at menarche between groups, t = -
0.386 (p=0.700). Therefore, the bone age at which an individual enters puberty has 
no effect on the bone age at the end of puberty. 
4.3.4 Comparison of Variance in Chronological Age and Skeletal Age 
The second aim of this investigation was to determine whether RUS bone age or 
chronological age was more variable at the onset of puberty in order to determine 
which measure could more accurately predict the onset of puberty. Table 4.18 
shows the mean chronological age and bone age at which adolescents reached 
Tanner breast stage two (B2), genitalia stage two (G2) and pubic hair stage two 
(PH2). The variance of chronological age and bone age are given as standard 
deviations. 
Table 4.18 Chronological age, RUS skeletal age and variance ratio upon 
reaching each pubertal stage 
Stage 
Females 
B2 
PH2 
Menarche 
Males 
n 
127 
121 
177 
Chronological 
Mean 
11.15 
. 11.25 
12.85 
age 
SD 
0.94 
1.13 
0.94 
RUS skeletal 
age 
Mean 
10.21 
10.40 
12.64 
SD 
0.99 
1.16 
0.72 
Variance 
ratio" 
0.90 
0.95 
1.31 
G2 131 10.95 0.91 10.35 0.90 1.02 
PH2 161 11.08 0.90 10.44 0.89 1.02 
• Variance ratio = SD of chronological age1 I SD of RUS skeletal age1 
b Significance tested using an F-test for two population variances (with correlated 
observations) (Kanji, 1999) 
Females enter both B2 and PH2 at a significantly earlier skeletal age than 
chronological age (p<O.OOI using a paired samples t-test). Menarche is also 
pb 
>0.05 
>0.05 
<0.01 
>0.05 
>0.05 
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achieved at an earlier skeletal age (p<O.Ol). Males enter 02 and PH2 at an earlier 
skeletal age than chronological age (p<0.001). 
Variability in bone age was greater than the variability in chronological age at the 
onset of puberty in both males and females. In males, chronological age at the onset 
of puberty was 10.91 years± 0.86 years, while bone age was 10.30 ± 0.88 years. In 
females chronological age at the onset of puberty was 10.97 ± 0.91 years while and 
bone age was 10.14 ± 1.04 years. 
The ratio of the variance of bone age and chronological age is also shown, the 
significance of which was calculated according to the method suggested by Finney 
(1938) which takes into account the significant positive correlation between 
variables (see table 4.21). In girls, the variance in RUS skeletal age and 
chronological age was not significantly different at entry into B2 or PH2 (p>O.OS). 
The same result was seen in males at 02 and PH2 (p>O.OS). There was no 
difference in variance in bone age and chronological age at the onset of secondary 
sex characteristics in either males or females, suggesting neither measure is a more 
accurate predictor of pubertal onset in this sample. 
At menarche, the variance ratio between chronological age and bone age was 1.31 
(p<0.01). Bone age is therefore significantly less variable than chronological age at 
menarche (figures 4.8 and 4.9 show the distribution of chronological age and bone 
age at menarche respectively). Bone age is a more accurate predictor of menarcheal 
age than chronological age in this sample. 
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4.4 Results: Secular Trends in Skeletal Maturity 
Secular trends towards increasing height and earlier maturation have been attributed 
to the removal of growth constraints through improved nutrition, healthcare, and 
socio-economic environments as well as geographical migration (Garn, 1987; 
Bogin, 1999). South Africa is demonstrating the rapid urbanisation and socio-
economic change that is often associated with developing countries in transition 
(World Bank, 1998; Vorster et al., 2005).The Pretoria National Nutrition Survey 
(PNNS), conducted from 1962 to1965, and the Johannesburg-Soweto based Birth to 
Twenty study (Bt20) of children born in 1990 both assessed skeletal maturity and 
provide a unique opportunity to study secular change in skeletal maturity in South 
African adolescents. This chapter presents data on the skeletal maturity of 
adolescents aged between nine and eleven years from both cohorts and observes 
whether secular change has occurred in skeletal maturity over a 40-year period. 
Anthropometric data for both cohorts are also compared. 
4.4.1 Sample Characteristics 
The sample used to examine secular trends in skeletal maturity between 1962 and 
2001 was selected from the BH study. The sampling procedures undertaken were 
described in detail in section 3.1.3. A total of333 adolescents (n = 166 males, 167 
females) were selected for inclusion in the analysis sample. As the analysis was 
cross-sectional adolescents were randomly sampled for inclusion in this study. 
Table 4.19 shows the sample size and chronological age comparisons between the 
cohorts at each age group. The mean age of each of the groups is close to the 
midpoint for the age group and there were no significant differences in mean 
chronological age between the PNNS and Bt20 BH samples when compared using 
an independent samples t-test (p>0.05). 
Table 4.20 shows the characteristics of the analysis sample in comparison to both 
the BH sub-study and the overall Bt20 cohort. A greater proportion of White 
children were included in the analysis sample to match the number of White 
children assessed by the PNNS. The secular trends analysis is representative of the 
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Table 4.19 Pretoria National Nutrition Study (PNNS) and Bt20 Samples: Sample Size and Chronological Age comparisons 
Males 
Age Group 
(years) 
9.0-9.99 
10.0-10.99 
11.0-11.99 
Females 
Age Group 
(years) 
9.0-9.99 
10.0-10.99 
11.0-11.99 
PNNS 
(n) 
42 
42 
63 
PNNS 
(n) 
37 
40 
63 
White Males 
Mean Age Bt20 
(Iears) (n) 
9.43 28 
ID.43 42 
11.63 63 
White Females 
Mean Age Bt20 
(I ears) (n) 
9.51 37 
10.47 40 
11.63 63 
Black Males 
Mean Age PNNS Mean Age Bt20 Mean Age 
(I ears) (n) (I ears) (n) (years) 
9.58 28 9.55 28 9.58 
10.58 34 10.48 34 10.49 
11.55 38 11.55 38 11.55 
Black Females 
Mean Age PNNS Mean Age Bt20 Mean Age 
(Iears) (n) (years) (n) (years) 
9.56 34 9.46 34 9.44 
10.42 34 10.52 34 10.51 
11.56 33 11.59 33 11.48 
Results 
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BH cohort and wider Bt20 sample in terms of birth characteristics despite the 
greater proportion of White children. 
Table 4.20 Comparison of the characteristics of the Bt20 cohort, the BH 
cohort and the analysis sample used to examine secular trends in skeletal 
maturity 
Characteristics Bt20 Cohort a,b Bone Health Study 6 
(n=3273) (n=683) 
Population 
Group 
African 2568 (78%) 418 (61%) 168(51%) 
White 207 (6%) 265 (39%) 165 (49%) 
Coloured/Indian 498 (16%) 
Maternal Age 
<17 years 92 (3%) 17 (3%) 9(3%) 
17-19 392 (12%) 74 (12%) 35 (10%) 
20-38 2692 (82%) 533 (83%) 282 (86%) 
39+ 95 (3%) 13 (2%) 3 (1%) 
Gestational Age 
<37 weeks 388 (12.7%) 70 (13%) 31 (10%) 
37-41 2773 (87%) 471 (86%) 280 (89%) 
42+ 11 (0.3%) 9 (1%) 5 (1%) 
Birth Weight 
<1500g 30 (1%) 5 (1%) 3 (1%) 
1500-2499 322 (10%) 57 (8%) 25 (8%) 
2500-3999 2827 (86%) 589 (88%) 275 (87%) 
4000+ 89 (3%) 22 (3%) 14 (4%) 
• Source: Richter et al., 2007 
b Birth data were occasionally missing for individuals in the cohort, therefore only those 
with data for the corresponding variable have been included in the comparison 
4.4.2 Secular Change in Skeletal Maturity 
The bone age of the Bt20 BH cohort was assessed using the GP technique 
(Greulich & Pyle, 1959). Independent two samples t-tests were used to compare 
skeletal age data from Bt20 with the PNNS as these data were only summarised in 
previous publications (Levine, 1972). RUS skeletal age and standard deviation are 
displayed for both cohorts in table 4.21 and the comparisons shown in figures 4.10 
and 4.11. 
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Table 4.21 Comparison of RUS Bone Ages: Pretoria National Nutrition Survey (PNNS) and Birth to Twenty (Bt20) 
Age (years) White Males Black Males 
PNNS Bt20 PNNS Bt20 
n Skeletal Age n Skeletal Age p n Skeletal Age n Skeletal Age p 
(years) (years) (years) (years) 
Mean SD Mean SD Mean SD Mean SD 
9.0-9.99 42 9.38 1.13 28 9.81 0.83 <0.05. 28 8.83 1.08 28 9.28 0.72 <0.05 
10.0-10.99 42 10.36 1.02 42 10.53 0.65 >0.05 34 9.09 1.80 34 10.16 0.45 <0.01 
11.0-11.99 63 11.35 0.74 63 11.60 0.57 >0.05 38 10.48 1.18 38 11.38 0.49 <0.01 
Age (years) White Females Black Females 
PNNS Bt20 PNNS Bt20 
n Skeletal Age n Skeletal Age p n Skeletal Age n Skeletal Age p 
(years) (years) (years) (years) 
Mean SD Mean SD Mean SD Mean SD 
9.0-9.99 37 8.90 0.83 37 9.33 0.78 <0.05 34 7.44 1.18 34 8.88 0.80 <0.01 
10.0-10.99 40 10.03 0.99 40 10.28 0.86 >0.05 34 9.03 1.30 34 10.02 0.83 <0.01 
11.0-11.99 63 11.41 0.93 63 11.23 0.62 >0.05 33 9.63 1.65 33 11.13 0.79 <0.01 
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Figure 4.10 Comparison of bone ages in males from the Pretoria National 
Nutrition Study (PNNS) and Birth to Twenty (Bt20) 
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Figure 4.11 Comparison of bone ages in females from the Pretoria National 
Nutrition Study (PNNS) and Birth to Twenty (Bt20) 
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In the Bt20 study White males had a greater bone age than the PNNS White sample 
at each age group, although this was only significant in the 9 year age group 
(p<0.05). The White Bt20 males were, on average, 3.4 months in advance of the 
PNNS sample. The Black Bt20 males showed significantly greater bone age 
(p<O.Ol) compared to the PNNS sample at all age groups, the average difference 
being 9.7 months (figure 4.10). 
The White females of Bt20 were significantly in advance of the PNNS cohort only 
in the 9 year age group (p<0.05). The White Bt20 females were, on average, 2.0 
months in advance of the PNNS females. The Black Bt20 females had significantly 
advanced bone age (p<O.Ol) at all ages (the average advancement being 15.8 
months (1.3 years) compared to the Black PNNS females (figure 4.11). The 
increase in bone age between 1962 and 2001 was greatest in the Black population 
and in Black females in particular. 
When compared with the GP references for bone age (Greulich and Pyle, 1959) the 
children of both cohorts fell consistently below the expected bone age (p<0.01) with 
the exception of White Bt20 males (figure 4.12 and figure 4.13). In the PNNS, 
Black children were significantly delayed (p<0.01) as compared to White children 
at all age groups measured. In the Bt20 study Black males were significantly 
delayed in comparison to White males (p<0.01). Black females were only 
significantly delayed in the 9 year olds (p<0.01). The Bt20 study demonstrates a 
narrowing in ethnic differences with increasing chronological age in both males and 
females. This is the opposite finding to the PNNS which appeared to demonstrate 
increasing ethnic disparity with increasing chronological age. Males are in advance 
of females in both cohorts (p<0.05). 
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Figure 4.13 Comparison of PNNS and Bt20 females with GP references 
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4.4.3 Secular Change in Anthropometric Measures 
Height, weight, and skinfold measurements were taken from the Bt20 BH sample 
and compared with published summru:ies of PNNS data (Smit, Potgieter and 
Fellingham, 1967). The data are presented in tables 4.22 and 4.23 for males and 
females respectively. Subscapular and triceps skinfold measurements were used to 
calculate centripetal fat ratios (CFR) to assess centralisation of fat. CFR significance 
was calculated under the assumption that variance was the same between studies as 
no standard deviation data was available for the PNNS. Independent two samples t-
tests were used to compare the PNNS with the Bt20 sample. 
In White children height and weight did not differ significantly between the cohorts. 
Triceps and subscapular skinfolds were significantly greater (p<O.OO 1) in the Bt20 
White children than the PNNS White children. Black children demonstrated 
significant increases in all anthropometric measures between the two samples 
(p<0.01), with the exception of height in males aged 11 years old. Particularly large 
increases were observed in skinfold measurements between 1962 and 2001 
(p<0.01). CFRs in males fell, indicating less centralisation offat, significantly so in 
10 year old males of both ethnic groups (p<0.01). Females exhibited significant 
changes (p<O.Ol) in CFRs although the direction of these changes was inconsistent. 
The height findings support the previous skeletal maturity data. Black children 
exhibited increased skeletal maturity along with increased height between cohorts, 
while White children showed little change in skeletal maturation and no significant 
change in height between cohorts. 
Comparisons between ethnic groups were made within samples using independent 
two samples t-tests. In the PNNS White children were significantly heavier 
(p<0.01), taller (p<0.01), and had greater skinfo1d measurements at both sites 
(p<0.01) than their Black contemporaries in all age groups. In the Bt20 sample only 
males at year 11 were significantly taller and heavier than Black males (p<0.01). 
There were no differences in skinfold measurements between Black and White 
males in the Bt20 sample. There were no significant weight differences between 
Black and White females in the Bt20 sample, although White girls were 
significantly taller at year 9 (p<0.01), 10 (p<0.01) and 11 (p<O.OS). Subscapular 
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Table 4.22 Comparison of height, weight and skinfolds in males: PNNS and Bt20 
Anthropometric 9- 9.99 years 10-10.99 years 11 - 11.99 years 
Measurement 
PNNS Bt20 PNNS Bt20 PNNS Bt20 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
White Males Weight(kg) 30.2 4.7 31.1 4.9 34.0 5.3 34.3 6.2 36.1 5.8 36.4 6.3 
Height (cm) 134.9 6.3 135.8 5.2 141.6 6.4 142.0 7.0 145.4 6.3 144.0 7.2 
Triceps (mm) 8.3 2.6 11.1 ** 4.3 8.9 3.3 10.8** 3.9 8.3 2.5 11.9** 3.9 
Subscapular (mm) 5.3 1.8 6.7** 3.0 5.9 2.9 6.5* 3.2 5.7 2.2 8.0** 4.6 
CFR• 0.39 0.38 0.04 0.40 0.38** 0.04 0.41 0.40 0.04 
B1ackMales Weight(kg) 24.6 2.8 29.2** 5.7 26.2 4.3 32.6** 5.0 29.3 4.2 32.6** 5.1 
Height(cm) 127.7 5.4 132.8** 4.9 131.1 6.6 138.1 ** 5.1 137.1 5.6 137.3 5.4 
Triceps (mm) 5.7 1.0 9.3** 3.9 5.7 1.2 10.8** 3.9 5.9 1.6 10.7** 4.8 
Subscapular (mm) 4.3 0.7 6.6** 3.4 4.3 0.8 6.5** 3.2 4.5 0.9 8.1 ** 5.9 
CFR• 0.43 0.42 0.03 0.43 0.38** 0.04 0.43 0.43 0.04 
• CFR = SSCP I (SSCP + TRCP) CFR significance was calculated under the assumption that variance was the same between studies as no 
standard deviation data was available for the PNNS. Significance between studies is shown * p < 0.05, ** p<O.Ol 
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Table 4.23 Comparison of height, weight and skinfolds in females: PNNS and Bt20 
Anthropometric 9- 9.99 years 10-10.99 years 11 - 11.99 years 
Measurement 
PNNS Bt20 PNNS Bt20 PNNS Bt20 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
White Weight(kg) 29.7 4.4 30.8 6.8 33.2 4.9 35.2 8.2 38.6 7.9 39.8 9.2 
Females 
Height (cm) 135.4 7.7 136.6 6.8 142.4 6.6 142.0 7.6 147.2 7.5 148.2 7.9 
Triceps (mm) 10.3 2.8 12.2** 4.6 10.4 2.4 13.5** 4.7 11.6 2.6 12.9** 3.9 
Subscapular (mm) 5.9 2.1 7.3** 3.6 6.1 1.8 9.7** 6.7 8.3 3.9 8.2 3.9 
CFR' 0.36 0.37 0.03 0.37 0.42** 0.04 0.42 0.39** O.Q4 
Black Females Weight(kg) 24.6 3.1 28.2** 4.9 26.6 3.5 34.3** 9.4 29.5 5.8 37.1 ** 6.8 
Height (cm) 126.2 5.7 132.0** 5.4 132.4 6.7 138.3** 6.9 135.0 9.5 145.0** 7.3 
Triceps (mm) 7.5 1.6 11.4** 4.0 6.8 1.5 12.9** 4.5 8.1 3.5 11.6** 4.2 
Subscapular (mm) 5.0 0.8 6.8** 2.5 5.0 1.1 9.3** 4.4 5.8 2.3 9.4** 4.5 
CFR' 0.40 0.37** 0.04 0.42 0.42 0.04 0.42 0.45** 0.04 
• CFR = SSCP I (SSCP + TRCP) CFR significance was calculated under the assumption that variance was the same between studies as no 
standard deviation data was available for the PNNS. Significance between studies is shown * p < 0.05, ** p<0.01 
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skinfolds were not significantly different between ethnic groups. Triceps skinfolds 
were statistically significantly greater in White females at year 11 (p<O.OS) although 
the magnitude of the difference (1.3mm) is not considered biologically significant 
and may be attributed to measurement error. The anthropometric comparisons 
between White and Black adolescents suggest that ethnic differences in stature and 
body composition have somewhat dissipated in the 40 years between the PNNS and 
the Bt20 study. 
Gender comparisons were made within samples using independent two-samples t-
tests. In the PNNS White males and females at year 9 and 10 did not differ 
significantly in height, weight or subscapular skinfold measurements (p>O.OS). At 
year 11 White females were significantly heavier and had greater subscapular 
skinfolds (p<0.01), height was not significantly different. Triceps skinfolds were 
larger in White females than White males at all three age groups (p<O.Ol). Weight 
was not significantly different in any age group between Black males and females in 
the PNNS. Black males were significantly taller at year 11 only (p<0.01). Black 
PNNS females had significantly larger skinfolds at both sites at all age groups 
(p<O.Ol). 
In the Bt20 sample White females were significantly heavier and taller at year 11 
(p<0.01) than White males despite there being no earlier differences. Skinfold 
measurements were larger in White females than White males at both sites in all age 
groups (p<0.01) with the exception of the subscapular skinfo1d at year 11 (p>O.OS). 
Differences between Black males and females in the Bt20 were similar. Black 
females were heavier and taller at year 11 (p<0.01). Skinfold measures at both sites 
were greater in Black females in all age groups with the exception of the subscapular 
skinfold at year 9 (p>O.OS). The stature differences between males and females at 
year 11 may reflect the onset of the pubertal growth spurt at an earlier age in females 
than males. 
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Chapter Five: Discussion 
The aims of this doctoral research were threefold: to investigate current variation in 
skeletal maturity in South African children, to observe the relationship between 
skeletal maturity and the onset of puberty, and to investigate whether secular trends 
in skeletal maturity have occurred in South Africa during the past 40 years. This 
section discusses the results of these investigations and their implications within the 
South African context. Limitations of the current research are acknowledged. 
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5.1 Current Variation in Skeletal Maturity 
This part of the analysis assessed (1) the variation in skeletal maturity cross-
sectionally by utilising all those children from the Bone Health cohort who had 
available hand-wrist radiographs and (2) the rate of skeletal maturation in this 
cohort using a core longitudinal sample assessed annually between nine and 
fourteen years of age. Few studies of skeletal maturity are completed in 
contemporary cohorts, particularly in developing countries. The fact that the Bt20 
cohort is considered to be representative of the wider urban South African 
population and the availability oflongitudinal assessments of bone age presented 
the unique opportunity to undertake a large scale assessment of skeletal 
development. All assessments of skeletal maturity used in this analysis were 
undertaken using the Tanner-Whitehouse (TW3) technique. The limitations of this 
technique were given in the background to this study (section 2.4.3). 
Sex differences in skeletal maturity were observed with bone age advanced in 
females compared to males. White females were consistently in advance of males, 
whereas Black females were delayed in comparison to males during year nine and 
ten before becoming significantly advanced. Girls are more advanced in skeletal 
ossification during fetal life and at birth and remain so until adolescence (Tanner, 
1962). The ossific precocity of females has been noted many times in the literature 
on skeletal maturity, both in South Africa (Dommisse and Leipoldt, 1936; 
Beresowski and Lundie, 1952) and worldwide (Adair and Scammon, 1921; Menees 
and Holly, 1933; Francis and Werle, 1939; Pyle and Sontag, 1943). Suggestions for 
the delay in skeletal development are focussed on the genes of theY chromosome 
(Tanner et al., 1959) although their mechanism of action remains unclear. 
Ethnic differences in bone age were only identified in males. The hypothesis that 
black children would be delayed compared to white children is therefore only 
partially supported by the data presented here. The difference between White and 
Black males was not significant in year 9 to 11 but in year 12 Black males were 
delayed by approximately eight months, increasing to ten months by year 14. There 
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were no significant differences in bone age between White and Black females 
although at year nine Black females were delayed by approximately six months. 
Data from developed countries suggest that children of African origin mature earlier 
in all respects than children of European origin (Eveleth & Tanner, 1990). Under 
good nutritional and enviromnental circumstances African children are more 
advanced than Europeans in skeletal development as measured by the appearance of 
ossification centres in the early years (Garnet al., 1972; Owen et al., 1974; Marshall 
et al., 1970). This advancement does not appear to continue into childhood and 
adolescence. Numerous studies in the USA found that White and Black children 
mature at a similar rate during this period (Loder et al., 1993; Johnston, 1963; 
Roche et al., 1975, 1978). Comparisons of Black children in Africa (Mackay, 1952) 
with Black children in the USA (Platt, 1956) showed US African American children 
to be more advanced in terms of their skeletal maturity than Africans living in 
Africa, so it seems that the patterns observed in different populations are a result of 
health and nutritional factors rather than ethnicity itself, this led to the generation of 
the hypothesis. It seems that there is a genetically determined potential for skeletal 
maturation which does not depend on ethnicity and can be exploited under optimal 
enviromnental conditions (e.g. high SES), whereas a less favourable enviromnent 
may lead to delay in skeletal maturation. This suggestion is supported by studies 
which associate SES and skeletal maturation (Bogin & MacVean, 1983, Cole & 
Cole, 1992) and those which suggest a slowing in secular trends in skeletal 
maturation in developed countries (Takai, 1990; Matsuoka et al., 1999). The 
differences between Black and White males in the present study are most likely due 
to differences in enviromnent. 
Inequalities between the ethnic groups during South Africa's political and social 
history are evident and have been discussed in some detail in the background to this 
study. Previous studies, such as that undertaken by Levine (1972) (see section 2.8) 
showed that the differences between Black and White children were much greater 
than those demonstrated by this study. This change over time may reflect a 
narrowing in enviromnental and social disparities in the years post-apartheid. The 
fact that Black males remain delayed in comparison to White males during late 
childhood/early adolescence, whereas there is no difference in females, may be 
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related to the increased sensitivity of males to environmental stressors, which is 
discussed in more detail in the following section (Stinson, 1985).The African 
children in South Africa still may not be experiencing the optimum environmental 
conditions for skeletal maturation, resulting in their delayed maturation, but, if 
conditions were to improve further, it would be expected that the skeletal 
maturation of Black children would equal that of White. Actually comparing the 
skeletal maturity of different populations in different geographical locations is 
difficult. Literature on skeletal maturity is rarely comparable in terms of the number 
of cases studied or the age groups used and health status, ethnic identity and socio-
economic status are often not reported. In order to identify which environmental 
factors contribute to a delay in skeletal maturation, groups of varying ethnicity must 
be studied within a distinct geographical area whilst carefully recording socio-
economic, nutritional and environmental parameters. 
Although there is a narrowing in ethnic differences observed between the study of 
Levine (1972) and the present study, the bone scores of all females in the Bt20 
cohort are delayed in comparison with TW3 references. This supports the second, 
hypothesis, that South African children would be delayed in terms of skeletal 
maturation when compared to the TW3 references. Both groups of females track 
between the 25th and 50th centile of TW3 references for the duration of the study and 
there was a significantly higher proportion of children in the lower centiles than 
expected. White Bt20 males began at year nine between the 25th and 501h centile but 
ended the study above the 50th centile suggesting an advanced skeletal maturity 
compared with the TW3 standards between 13 and 14 years. Black males were 
consistently around the 25th centile. There are no contemporary studies of skeletal 
maturity in South Africa with which to compare these results and the only recent 
study in Western Africa, undertaken in Malawi, is unreliable due to inadequate 
reporting of the health status of participants (Lewis et al., 2002). However, the 
literature suggests that other lower tertile countries (as defined by under-5 mortality, 
see section 2.4) also demonstrate delayed skeletal maturity compared to TW3 
references. The TW3 references were based on children from the UK, North 
America, Argentina, Japan and Europe, all of which are high/upper-middle income 
countries, so it is to be expected that South African children fall below these 
reference values due to environmental and economic differences. Although it would 
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be appropriate to suggest that the majority of White children living in Johannesburg 
would be of high SES compared to the majority of the population, high SES 
families in South Africa may experience quite different environmental conditions 
compared to high SES families in the UK or USA. The representativeness of the 
reference population of TW3 must be acknowledged as a limitation to the use of this 
technique. In ideal circumstances each population would have access to relevant 
references however this is impractical and those techniques with the most varied 
reference populations, such as TW3, must be employed. 
The delayed bone ages of the children in this study when compared with TW3 
references indicates that many children are demonstrating a negative skeletal age 
deviation (SAD), i.e. having a skeletal age which is younger than their 
chronological age. Although negative SAD is identified in many populations very 
little research has been conducted into the implications of a delay in skeletal age 
compared to chronological age. Jones and Ma (2005) conducted a population-based 
case-control study involving 642 Australian youths (9-16 year olds) and found that 
children with negative SAD were significantly lighter, shorter and had lesser bone 
mineral densities at the hip and spine (p<O.Ol), as assessed by DXA. In multivariate 
analysis skeletal age deviation was an independent risk factor for fractures of the 
hand after controlling for stature, pubertal status and bone density. The results 
showed that a child who showed a skeletal age two years younger than their 
chronological age (SAD= -2 years) had a 4.4 times greater risk of hand fracture than 
a child with a SAD score of+ 2 years, indicating that those children with the 
greatest delay in bone age are at greater risk. The results were, however, site 
specific and the further from the hand the potential fracture site, the lower the 
association with SAD. This study suggest that bone maturity relative to age is an 
important determinant of both bone health and fracture risk in children and that 
further studies of the implications of negative SAD and the factors underlying SAD 
are justified. The second part of this study investigated further the factors associated 
with skeletal age deviation. 
The rate of skeletal maturation was investigated using a longitudinal sample 
assessed annually between nine and fourteen years. Skeletal maturation is expected 
to proceed at a rate of one 'bone year' per chronological year in healthy children 
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(Tanner et al., 2001 ). The results shown in this study indicate that the children seen 
in the Bone Health cohort during the study period were progressing at a rate similar 
to that expected. If the maturation of these children was proceeding consistently at 
this rate prior to the examination period, their skeletal maturity would have been 
comparable with the TW3 references. The delay identified in these children 
suggests that some insult to skeletal maturation occurred prior to the study period, 
prompting the investigation into early life biological and environmental factors. 
Between year 11 and year 12 there appears to be a decline in the rate of skeletal 
maturation of all children. The reason for this may be the change in skeletal 
maturity assessors during this period. It may be that all of the children showed only 
a small increase in skeletal maturation during this period because the first rater was 
less conservative than the second in their assessment. This may account for the 
apparent slowing of skeletal maturation during this period but it is more likely, 
given the small magnitude of the decrease in rate, that this finding is purely random 
variation. 
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5.2 Factors Influencing Relative Skeletal Maturity 
This analysis used linear regression modelling to determine which growth and 
socio-economic characteristics were associated with relative skeletal maturity at 
9/10 years in Black South Africans. Males and females were modelled separately in 
order to identify communalities or differences between the sexes in terms of the 
important predictors of relative skeletal maturity. The results showed that weight at 
2 years was associated with relative skeletal maturity at 9/10 years in males and 
pubertal status was associated in females. In addition to these findings, two 
independent significant predictors were identified which were shown to be 
determinants of relative skeletal maturity in both males and females: stunting at 2 
years (p=0.003 in males, p=0.036 in females) and amount of lean mass present at 
9/10 years (p=0.02 in males, p=O.OOO in females) at the time of skeletal maturity 
assessment. 
Stunted children showed a further 0.371 years (males) or 0.378 years (females) 
delay in skeletal age compared to chronological age when compared with their non-
stunted peers. This finding supports the third hypothesis, that children showing poor 
growth in childhood in infancy would show delayed skeletal maturation in late 
childhood. Stunting is generally believed to be as a result of an interaction between 
poor energy and nutrient intakes and infection (Martorell & Habicht, 1986) although 
recent studies suggest that there may be more complex physiological mechanisms 
by which environmental factors may promote or suppress growth (Goto et al., 
2002). A prolonged growth period, commonly measured by the timing of sexual 
maturation, is frequently observed in children who were stunted in infancy. Stunted 
children have been shown to achieve menarche later than their non-stunted peers in 
South Africa (Mukuddem-Petersen and Salome Kruger, 2004) as well as in other 
developing countries such as Guatemala (Martorell et al., 1995; Khan et al., 1996), 
Senegal (Simondon et al., 1998) and Kenya (Leenstrat et al., 2005). 
This prolonged growth period may allow a stunted child the opportunity to show 
catch-up growth. Potential for catch-up growth after stunting has been shown in 
several populations (Perez-Escamilla & Pollitt, 1994; Walker et al., 1996), 
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particularly in those children with taller mothers, longer birth length and less severe 
stunting during infancy (Adair, 1999). Significant catch-up growth is observed in 
children whose environment is improved after stunting has occurred in infancy, 
such as by nutritional supplementation (Schroeder et al., 1995) or by migration from 
poor, developing countries to richer, developed regions (Schumacher et al., 1987). 
A prolonged growth spurt has previously been shown to reduce final height deficit 
in South African children (Cameron & Kgamphe, 1993). Few studies have assessed 
the existence of an extended growth period in stunted children in terms of skeletal 
maturation. The possibility has been acknowledged, however, that a delayed and 
longer skeletal maturation period may be the mechanism by which stunted children 
demonstrate compensatory gain in order to reach a greater final height (Dreizen et 
al., 1967; Martorell et al., 1994; Benefice et al., 2001; Golden, 1994). 
The delayed tempo of skeletal maturation in this cohort may be a demonstration of 
developmental plasticity during childhood. Skeletal maturation is slowed in those 
children who are stunted to allow time for compensatory gain in height to occur and 
their genetically determined adult stature to be reached. In these children the longer 
growth period allows the attainment of a greater adult stature. Historically, having 
greater adult stature has been linked with greater reproductive success (Pollet & 
Nettle, 2008; Nettle, 2002; Pawlowski et al., 2000; Mueller & Mazur, 2001), 
although being tall in itself does not ensure reproductive success - it is more likely 
to be a proxy for the socio-economic conditions experienced. At age two the 
difference in height between the stunted and non-stunted groups in this study was 
9.6cm (t=16.056, p<0.001), at age 9/10 years the difference between the same 
groups was 6.2cm (t=8.593, p<0.001). Only two of the 66 children identified as 
being stunted at two years in this sample remained stunted at age 9/10 years. A 
similar deceleration in skeletal maturation can be observed in children with 
congenital aderenal hyperplasia (CAH). Untreated CAH is characterised by 
substantially advanced skeletal maturation and a consequent short stature. When 
treated, deceleration of bone maturation occurs and mean height for bone age is 
increased (Bongiovarmin et al., 1973; Hunziker et al., 1986). This compensatory 
delay in skeletal maturation allows a final height closer to that which was 
genetically pre-determined. 
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The other independent predictor of skeletal age deviation at 9/10 years of age in 
both sexes was the amount oflean mass present at 9/10 years, increasing skeletal 
age compared with chronological age. This is consistent with a previous study by 
Powell et al. (2008) where bone-free lean mass had the strongest association with 
SAD in their cross-sectional study of 640 Australian children. There are various 
hormonal pathways through which skeletal maturation and lean mass accumulation 
may be linked. It is very unlikely that the association between increased lean mass 
and advanced skeletal maturity is a causal pathway; the endocrine control of both 
processes is likely to be a confounding factor in this statistical association. Growth 
hormone and IGF-1 are known to stimulate increases in lean body mass during 
childhood, and particularly during puberty (Veldhuis et al., 2005). The influence of 
growth hormone and IGF-1 on bone is to increase linear bone growth and 
maturation; growth hormone by stimulating bone remodelling, transforming 
cartilage into bone, and IGF-1 by stimulating apposition in the bone matrix and 
supporting the formation and activation of osteoclasts (Hochberg, 2002). Estradiol 
and testosterone are other potential hormonal connections between increased lean 
mass and advanced skeletal maturity. Knowledge of the effects of estrogens on lean 
mass is limited but there is evidence that physiological amounts of testosterone 
stimulates lean tissue accrual, augments total muscle volume, accelerates protein 
synthesis, and slows protein breakdown (Gregory et al., 1992; Arslanian & 
Suprasongsin, 1997; Katznelson et al., 1996), although much of the evidence is 
acquired in the study of older men rather than children and adolescents. 
Although the two independent predictors were not collinear there is a documented 
relationship between stunting during infancy and lean mass in late childhood/early 
adolescence. In Brazil, boys who were stunted at two accumulated less lean mass 
during childhood, adolescence, and early adulthood than those who were not stunted 
(Martins et al., 2004; Gigante et al., 2007) as did children from Guatemala (Li et al., 
2003). Stunting has also been associated with reduced lean mass in adulthood 
(Martorell et al., 1992). Previous research in the African children of the Bt20 cohort 
showed that those children who were stunted at two years of age had approximately 
two kilograms less lean mass at nine years of age than their non-stunted 
counterparts (Cameron et al., 2005). This finding was replicated in the current 
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study. Stunted children had significantly less lean mass by approximately two 
kilograms (males: t=4.574, p<O.OOI; females: t=3.459, p<0.001). 
There have been numerous studies published linking obesity to advanced sexual 
maturation (Kaplowitz et al., 2001; Krahnstoever Davison et al., 2003; Shalitin & 
Phillip, 2003) and some to advanced skeletal maturation (Oerter-Klein et al., 1998; 
Buenen et al., 1982). Clark, Ness and Tobias (2006) reported that adipose tissue 
stimulates bone growth in pre-pubertal children. In this study, however, the amount 
of fat mass present at 9/10 years (a current measure) or in childhood and infancy 
was not significantly related to skeletal age deviation at age 9/10 years. Fat mass 
was significant in both sexes when regressed individually upon relative skeletal 
maturity at year 9/10 but became insignificant when included in a model with lean 
mass. Take off in fat mass accumulation occurs in females post-menarche. Among 
African-American females in the USA fat deposition nearly doubled after 
reproductive maturation (Casazza, Goran & Gower, 2008). Therefore, it may be 
interesting to study the influence of fat mass accumulation on relative skeletal 
maturity in mid- to late adolescence in females rather than in pre-pubertal children. 
In males only, weight-for-age at 2 years was an independent predictor of relative 
skeletal maturity at 9/10 years, being associated with less delay in skeletal maturity 
relative to chronological age. Demerath et al. (2009) observed that it was weight 
gain over the first two years oflife rather than the absolute weight at 2 years that 
was a determinant of relative skeletal maturity in the bone health cohort. The 
current analysis used rapid growth as a dichotomous variable rather than a 
continuous scale (used by Demerath et al. (2009)) as it was considered important in 
this analysis to classify infants as having rapid growth or having normal/catch down 
growth in order to more easily interpret and apply the results of the regression 
analysis. Rapid growth during infancy was associated individually with skeletal 
maturity at 9/10 years but was excluded due to the defined model building rationale 
when it was found to be collinear with weight-for-age at 2 years. Weight-for-age at 
2 years may predict body mass/stature in late childhood· as weight gain has been 
shown to track from infancy into late childhood (Nader et al., 2006; Valerio et al., 
2006; Gardner et al., 2009). 
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In females only, pubertal status was a significant independent predictor of skeletal 
age deviation, with those who had entered puberty showing less delay in skeletal 
maturity than those who had not. Puberty is accompanied by an increase in linear 
growth and an accumulation of both fat and lean mass. The initiation of puberty 
prompts the release of sex steroids, namely estrogens in females. Estrogens, as 
discussed earlier, stimulate bone development at the growth plate and facilitate 
epiphyseal fusion. Estradiol also interacts with the somatotrophic axis, increasing 
GH and IGF-1 production (Cuttler et al., 1985) and the frequency ofGH's pulsatile 
release (Ho et al., 1987). The relationship between the onset of puberty and skeletal 
maturation is discussed in more detail in the following section. Pubertal status was 
not a significant predictor of relative skeletal maturity in males. Few males were 
pubertal at the time of skeletal maturity assessment (22. 7%) and those that were 
pubertal were likely in the very early stages of puberty. 
In males, maternal marital status at birth and the ownership of consumer durables at 
year 9/10 remained significant predictors of SAD until they were included in the 
. final model with biological variables from infancy and the time of skeletal maturity 
assessment. Although they were not significant in the final model, it is interesting 
that these measures of socio-economic status appear to show an association with 
relative skeletal maturity. Many studies of skeletal maturity have considered the 
effects of SES with inconsistent findings. Those that study fairly homogenous 
groups find little association between SES and skeletal maturity (Waldmarm, 1977; 
Freitas et al., 2004; Takai, 1990), while those that observe the extremes of SES find 
consistently that having low SES delays skeletal maturation (Shakir & Zanin, 1974; 
Pathmanathan & Raghaven, 2006). This study used a relatively homogenous 
population of Black children living within a defined geographical area so the 
finding that no SES variable was significantly associated with SAD was not entirely 
unexpected. When children grow in a constrained environment small individual 
constraints may not be detected sufficiently by the type of analysis used here, 
whereas if a child in an unconstrained environment experienced individual 
constraints they may be identified as significant. Cole & Cole (1992) used similar 
regression modelling methods to attempt to identify which SES factors were 
associated with skeletal maturity. The most significant predictor of skeletal delay 
was being in a single parent family (p<0.01), which is supported by the association 
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observed in this study. The other predictors included living in households with no 
car and living in rented accommodation, factors which measure relative household 
wealth in a similar fashion to our consumer durables index. The observations of the 
effect of SES in males suggest that there is a likelihood that SES influences skeletal 
maturation but that perhaps more sensitive indicators should be employed when 
observing homogenous populations. An interesting finding was that no SES 
variables were significantly associated with SAD in females. This perhaps supports 
evidence that the growth of males is more susceptible to environmental stress than 
that offemales (Stinson, 1985; Stevenson et al., 2000). 
The results of previous studies investigating skeletal maturity almost unanimously 
support the theory that males are more sensitive to environmental stress. Greulich et 
al. (1953) showed that male survivors of the Hiroshima bombing had more delayed 
skeletal maturation in comparison to their female counterparts. Undernourished 
American males (Dreizen et al., 1958) and Columbian males (Stini, 1969) were 
more delayed in age of appearance of all ossification centres except the hamate, 
capitate and sesamoids. The idea that males should be more sensitive to 
environmental stress than females has been widely cited in literature dating back to 
the early work ofGreulich (1951) who suggested that the growth and maturation of 
males was affected more adversely than females. Male 'fragility' appears to be 
established in fetal life, for example, external maternal stress around the time of 
conception is associated with a reduction in the male to female sex ratio, suggesting 
that the male embryo is more vulnerable than the female (Hanson et al., 1999). 
Frisancho et al. (1977) found that maternal differences in body composition affected 
male size at birth more than females. Male birth length was positively associated 
with maternal arm muscle area and male birth weight with maternal stature, whilst 
these characteristics were unrelated to female size at birth. From birth onwards, 
most countries in the world report higher death rates for males than females 
(Waldron, 1983), with male mortality during the first seven days after birth 
universally exceeding that offemale. During childhood, those instances where 
female mortality exceeds male are usually attributed to the preferential treatment of 
males in some societies, resulting in better nutritional status and increased access to 
healthcare (Chen et al., 1981). In South Africa there is little evidence for the 
preferential treatment of males. 
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Whilst much evidence in support of a greater male sensitivity is empirical, Stini 
(1972) provides theoretical support arguing that females showed a lesser tolerance 
of reductions in lean muscle mass because of their need to support pregnancy and 
lactation. Certainly, females appear to make a greater investment in reproduction 
and maybe somewhat more 'buffered' against environmental stressors. There may 
also be a genetic basis for the increased sensitivity of males as suggestions for delay 
in skeletal development are focussed on the genes of theY chromosome (Tanner et 
al., 1959) although their mechanism of action remains unclear. 
The final models in this study explained 21.8% of the variance in skeletal age 
deviation in South African Black males and 42.7% of the variance in Black females. 
Genetic variation is not considered in this study but heritability of skeletal maturity 
(see section 2.5.1) may explain further variation. Pryor (1936) suggested that most 
variations in ossification sequence and timing are genetically determined and this 
early work was supported by further studies (Garnet al., 1969; Garn and McCreery, 
1970; Kimura, 1983 ). The fact that heritability is similar in both sexes suggests that 
there are further environmental factors which were not investigated responsible for 
less variation being explained in males. There are many other factors that have been 
identified as either delaying or advancing skeletal maturity such as nutritional 
supplementation (Pickett et al., 1995) or disease (Betts & White, 1976; Lewis et al., 
2002). Powell et al. (2008) conducted a similar analysis to the present study, 
investigating the determinants of skeletal age deviation in a cross-sectional sample 
of Australian children aged 7-17 years. Milk drinking was associated with less delay 
in skeletal maturity relative to chronological age and smoking and inhaled cortico-
steroid use were associated with more delayed skeletal maturation. Milk drinking 
and inhaled cortico-steroid use appeared to be mediated through body composition 
pathways, as their effects became non-significant when included in multivariate 
analysis with measures of lean and fat mass. Ever having smoked remained an 
independent significant predictor after controlling for chronological age, Tanner 
stage, height and lean body mass. This finding may potentially be biological but is 
likely to be a reflection of socio-economic factors. The large number of factors 
which may be associated with skeletal age deviation makes it difficult to identify 
causal pathways. Many factors, although not statistically collinear, are interlinked in 
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their biological actions. Controlling for so many potential explanatory variables also 
necessitates very large, longitudinal samples to retain statistical power in analyses. 
The Bt20 project collects detailed data on other aspects of growth and development 
such as nutritional intake, educational attainment, heritability of height and weight 
and many other factors. The use of these data, however, was beyond the scope of 
this project and the time points studied during childhood were restricted due to data 
availability. What this study did contribute to the literature is more solid evidence 
that both early infant factors and proximal factors exert an influence on skeletal 
maturation. It is essential that longitudinal birth cohort studies such as Bt20 
continue to collect detailed information as a great deal remains to be learned about 
factors influencing the rate of skeletal maturation. 
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5.3 Skeletal Maturation and the Events of Puberty 
In practice there are four physiological or developmental indices of child 
maturation: somatic, skeletal, dental, and sexual. The greatest variation in these 
indices of maturation is found among children of the same chronological age around 
the time of puberty (Tanner, 1962). Theoretically, concordance between these 
measures of maturation implies that a general factor of bodily maturity exists where 
a person is advanced or delayed as a whole, also implying a common controlling 
mechanism. While some authors agree that the elements of biological maturation 
occur at a similar pace (Tanner, 1962), others demonstrate varying degrees of 
concordance between the processes of skeletal and pubertal development (Marshall, 
1974; Demirjian et al., 1985; Flor-Cisneros et al., 2006; Biiken et al., 2007). The 
results of these studies are particularly difficult to interpret due to the use of very 
different methods of assessment of both skeletal maturation and pubertal 
development. The aim of this part of the investigation was to use the detailed 
longitudinal measures of both skeletal maturation and puberty collected in the Bone 
Health study to observe to what extent relationships exist between the two measures 
of maturation. Results from the multivariate analysis of factors influencing skeletal 
age deviation showed pubertal status (to be pubertal vs. non-pubertal) to be 
positively significantly associated with SAD in females but not in males. The 
gender groups were examined separately and the variance in chronological age and 
skeletal age compared at different events of puberty. 
In this sample the onset of puberty occurred at 10.97 ± 0.91 years in girls and 10.91 
± 0.86 years in boys (as defined by transition into Tanner stage 2 of either 
breast/genitalia or pubic hair development). The initiation of breast development in 
girls occurred at a mean age of 11.15 years (SD=0.94 years), which is later than the 
age at initiation previously reported in the Bt20 cohort by Jones (2008). It is also 
later than the age at initiation identified in studies of both developed (NHANES III, 
1997; Mu! et al., 2001) and developing countries (Macias-Tomei et al., 2000; 
Cameron & Wright, 1990). This may result from the purposive sampling procedures 
used and the fact that the proportion of Black children represented here is higher 
than in the wider Bone Health Cohort (see table 4.15). Jones (2008) reported Black 
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and White girls to have similar ages at initiation of puberty, however the confidence 
intervals were much wider for Black girls (White girls: 10.1 years (95% CI=9.3, 
10.9), Black girls: 10.2 years (95% CI=8.2, 12.2)). The initiation of genital 
development in boys was comparable with previous estimates in South Africa 
(Jones, 2008) and in European countries (Lindgren, 1996; Fredriks et al., 2000). 
Boys in South Africa appear to be slightly delayed in comparison with their 
American peers (Herman-Giddens et al., 2001 ). There was no significant difference 
in chronological age at onset between sexes. Both sexes demonstrated skeletal age 
deviation at the onset of puberty. Girls in particular had bone ages which were more 
delayed in comparison to their chronological age. 
At the onset of puberty there was a significant correlation between chronological 
age and the degree of skeletal age deviation. Those who entered puberty later tended 
to show a greater degree of negative skeletal age deviation. This shows a tendency 
towards an overall delay in biological maturation. The relationship between 
chronological age and bone age at the onset of puberty indicates that those who 
enter puberty at a later chronological age also do so at a later bone age and this 
relationship is replicated at each individual stage of puberty. A positive correlation 
between bone age and chronological age at B2 was reported by Marshall (1974) (r = 
0.64, p<0.001) and at G2 (r = 0.52, p<O.OOl), and a similar strength of association is 
reported in this study (B2 r = 0.56, p<0.01; G2 r = 0.67, p<0.01). The correlation 
between chronological age and bone age at PH2 in both sexes was similar, r = 0.699 
(p<O.Ol) in females and r = 0.663 (p<O.Ol) in males. The correlation was, however, 
weaker between bone age and chronological age at menarche (r = 0.425, p<O.Ol). 
Both bone age and chronological age at the onset of puberty were significantly 
negatively correlated with the duration of puberty (defined as the time between B2 
and menarche). This contradicts the widely referenced findings of Boas (1930, 
1932), Shuttleworth (1937, 1939) and Tanner (1962) who suggested that the earlier 
the growth spurt of adolescence occurs, the more intense it seems to be and the 
shorter the duration. It has been suggested that early maturers have a more intense 
pubertal peak in order to compensate for the shorter time they have to complete 
pubertal growth (Bielicki and Hauspie, 1994) and that the faster tempo of 
maturation (shorter duration of puberty) may simply be because all of the previous 
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events in earlier maturers have been going a little faster too -that is why they are 
early maturers (Tanner, 1962). The human growth spurt at adolescence is said to 
have evolved in response to the prolonged amount of time needed during infancy 
and childhood to obtain language skills and social ability. This results in 
proportionally less time to procreate than other marmnals, therefore it is necessary 
to obtain adult stature and sexual maturity quickly (Watts, 1985), and perhaps this 
necessity is somehow exacerbated in early maturers. 
The findings of the present study have been replicated several times in more recent 
studies, for example, Abassi (1998) found that age at entry into puberty correlated 
negatively with duration of puberty in American boys and girls. Pantsiotou et al. 
(2008) reported that the time span from B2 to PHV was longer for earlier maturers 
than for average and late maturers (p<O.OO 1 ). Vizmanos et al. (200 1) found that in 
boys, later onset of puberty was associated with a shorter period of pubertal growth 
(r = -0.61, p<0.001). A similar association was reported in girls (r = -0.51, p<O.OOI). 
The onset of puberty in that study was entry into B2/G2 and the end point 95% final 
height and the magnitude of the relationship between age at onset and duration of 
puberty was greater than that observed in the females of our study ( r = -0.198, p = 
0.069), although this may be as a result of using menarche in this study to define the 
end of puberty. Together, this recent evidence suggests that a compensatory delay in 
maturational tempo is occurring in girls with early onset of puberty. 
The difference in the variance of skeletal age and chronological age at each of the 
events of puberty was assessed using an F-test for two population variances with 
correlated observations (Kanji, 1999), a method also used by Marshall (1974). The 
results showed that at B2/G2 and PH2 in both sexes the variance in skeletal maturity 
was the same, or slightly greater, than the variance in chronological age. The fact 
that skeletal maturation varies as much as chronological age suggests that the 
processes underlying pubertal development and skeletal maturation may be under 
differing control, replicating the findings ofMarshall (1974) and Flor-Cisneros et al. 
(2006). The finding that skeletal age is less variable than chronological age at 
menarche also replicates previous studies. Greulich and Pyle (1959) suggested that 
groups of girls achieving early, average and late menarche could be distinguished 
prior to both menarche and the pre-menarcheal spurt in growth by assessment of 
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their skeletal maturity. Anderson, Hwang and Green (1965) reported less variation 
in skeletal age than chronological age at menarche as did Marshall (1974). These 
findings suggest skeletal maturity to be a more accurate predictor of menarche than 
chronological age, implying that there is a common factor involved in the control of 
both processes. It is speculated that a prolonged exposure to estrogen during the two 
or three years before menarche occurs (Marshall & Tanner, 1969) might account for 
the advancement of skeletal maturity to a similar stage in all females before 
menarche occurs (Marshall, 1974). Were this to be the case though, a stronger 
relationship would have been expected between breast development and skeletal 
maturity as breast development is also estrogen induced (Marshal! & Tanner, 1969). 
This may be related to the methodology used to measure the occurrence of both 
events. Menarche is a distinct event in the process of sexual maturation whereas 
breast development is a gradual process and onset of breast development may be 
difficult to accurately capture. Evidence suggests that determining age at menarche 
by recall is reliable, particularly if the girls involved are still in adolescence or early 
adulthood (Cooper et al., 2006; Koprowski et al., 2001). Bt20 girls in year 9-11 
were asked at yearly intervals whether they had experienced their first menstrual 
period, after this point questions were introduced to more accurately capture the 
date of menarche i.e. in what month did menarche occur? As the questionnaires 
were given at yearly intervals, a midpoint estimate was taken for age at menarche 
between the last time at which a girl reported being pre-menarcheal and the first 
time a girl reported having achieved menarche. It is, therefore, not possible to 
ascertain an exact age at which menarche was reached in this sample as children 
were not seen at frequent enough intervals. Taking a mid-point did, however, reduce 
the error of estimation to a maximum of 0.5 years. The technique used for the 
assessment of secondary sex characteristics in this investigation was Tanner staging 
(a detailed description of the methodology used is given in section 3.3.5). Although 
pubertal development is most accurately assessed in longitudinal clinical 
examinations by a healthcare professional (Brooks-Gunn & Warren, 1985; 
Finkelstein et al., 1999; Taylor et al., 2001) Tanner ratings are particularly useful in 
' large epidemiologic or cross-cultural studies where physical examination and blood 
sampling may not be feasible. Various methods of self-assessment are used to meet 
stringent ethical standards imposed on the assessment of adolescents. In the Bt20 
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study, focus groups indicated that both parents and children objected to physical 
examination (Jones, 2008). The method used in this study has been validated for 
this population. Norris and Richter (2005) reported K coefficients of0.71 for female 
pubic hair and 0.76 for breast development (p<O.OOOS) when adolescent self-rating 
was compared to physician rating. Male K coefficients were 0.63 for pubic hair and 
0.60 for genitalia development (p<O.OOOS). The Bt20 study also has the advantage 
of baseline measurements by physicians in year nine and ten which were used in 
longitudinal cleaning (Jones, 2008). It has been shown that Tanner stages are not a 
valid proxy measure for a physician's assessment in overweight children and 
adolescents (Lee et al., 2003; Bonat et al., 2002). The mean BMI of children studied 
in drawing this conclusion, however, was 35.2 ± 8.9 kg/m2 (Lee et al., 2003) which 
is considerably higher than the mean BMI of the sample used in this analysis (mean 
BMI of males was 17.06 ± 2.64 kg/m2 and mean BMI of females 16.96 ± 2.89 
kg/m2 ). 
The events of puberty chosen for inclusion in this study were based on the 
availability of clean data from the cohort. Jones (2008) describes the cleaning 
procedures undertaken to ensure reliable measures of pubertal onset. If data on the 
end of puberty, the transition from B4/B5 or G4/G5, had been available a more 
complete assessment of the relationship between skeletal maturation and puberty 
could have been made, rather than relying on menarche to signify the end of 
puberty. As discussed in section 2.3.1 menarche may occur at any point between B3 
and B5 and therefore does not represent the completion of pubertal development. In 
a further study it would be interesting to consider the attaimnent of 95% mature 
height and age at peak height velocity. The sample was purposive, to include those 
individuals who had achieved the events of puberty being studied. This may have 
resulted in this analysis being biased towards the 'early maturers' of the Bone 
Health cohort. 
Although the sequence of events of puberty and skeletal maturation are well 
documented, the underlying endocrine control of both processes remains an area of 
significant research interest. Investigating the complex hormonal changes associated 
with both processes requires detailed investigation not possible within the 
constraints of this study. Many hormones are secreted episodically so continuous 
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sampling over a 24-hour period is often necessary to observe subtle fluctuations. 
Longitudinal surveys are necessary, sampling at suitable intervals which may be up 
to three or four times armually in cohorts of children followed from an early age. 
The complexity of this type of study is the main reason for the gaps in the 
knowledge of endocrine function during maturation. While we are able to assess 
pubertal development and skeletal maturation accurately using maturity indictors, 
what we are actually measuring are indirect estimates of endocrine processes. The 
maturity indicators used to assess skeletal maturity are specific and more sensitive 
in assessing skeletal maturity than Tarmer staging is in assessing puberty. To 
observe the processes more closely and compare them, the same number of maturity 
indicators would need to be present in both rating systems and these indicators 
would be directly related to hormonal changes. 
Several authors have supported the existence of a general maturity factor which 
underlies the maturational process during adolescence (Tarmer, 1962; Nicholson & 
Hanley, 1963; Shuttleworth, 1938). On this basis, individuals may be classified as 
being early, average, or late maturers. Endocrine evidence lends support to this 
hypothesis, with the underlying control of both skeletal and sexual maturation 
inextricably linked through the action of the sex steroids on both epiphyseal fusion 
and the development of secondary sexual characteristics (see section 2.2.2 and 2.3). 
The fact that that there is a concordance between the events of sexual maturation 
and skeletal maturation in this cohort lends support to this theory. It may be 
hypothesised that should more direct and more frequent measures of skeletal 
development and pubertal development be obtained, the relationship between the 
measures of maturity would increase in strength. 
What this study has demonstrated is that the timing of pubertal development in the 
Bone Health cohort appears to be in line with estimates of sexual maturation in 
developed countries, whereas the skeletal maturation of this cohort is distinctly 
delayed. While evidence supports the existence of an common controlling 
mechanism, this finding indicates that different indices of maturation are 
differentially affected by environmental stressors. An explanation for this finding 
may be found in life history literature which suggests that energy is allocated 
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towards maintaining rates of reproductive maturation rather than somatic growth in 
situations of environmental stress (Kramer et al., 2009). 
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5.4 Secular Trends in Skeletal Maturity 
The aim of this part of the investigation was to observe whether a secular trend in 
skeletal maturity occurred in urban South Africa between 1962 and 200 I, using data 
from the Pretoria National Nutrition Study (PNNS) and the Birth to Twenty (Bt20) 
longitudinal birth cohort study. A secondary aim was to consider change in 
anthropometric measures of stature and body composition over this period, taking a 
holistic approach to the process of growth. The results indicated that secular trends 
have occurred in both the White and Black South African populations, supporting 
the sixth hypothesis and reflecting a concurrent improvement in environmental 
conditions. 
In White males and females the only time point at which Bt20 children (200 I) were 
significantly in advance of PNNS children (1962) was between 9 and 10 years. 
Although the Bt20 children were not significantly in advance during the following 
years, the results suggest that the skeletal maturity of the White urban population 
increased by 0.84 months per decade in males and 0.51 months per decade in 
females during the period between the two studies. Black children in the Bt20 
cohort were significantly in advance of their Pretoria counterparts at all ages by an 
average of9.7 months in males and 15.8 months in females. The skeletal maturity 
of urban Black children was therefore increasing at a rate of approximately 2.4 
months per decade in males and 3.94 months per decade in females. The secular 
trend in bone age is concordant with secular change in stature and tempo of growth 
occurring in the South African population (Henneberg and van den Berg, 1990; 
Jones et al., 2009a,b ). 
Factors associated with the increased stature and faster tempo of growth are 
improved nutrition, healthcare, and social environment as well as migration, both 
geographical and from low to high SES (Garn, 1987; Bogin, 1999). The Black 
children in 1962 were delayed in comparison to the White children due to 
differences in SES and living conditions. Social deprivation and poor economic 
circumstances are associated specifically with delayed skeletal maturation (Cole & 
Cole, 1992; Garnet al., 1973). The fact that the skeletal maturity of White children 
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was slightly delayed in comparison to GP references suggests their environment 
also to be less favourable than that of the high SES, North American reference 
population. Delayed skeletal maturity in the Black children of the PNNS may also 
have been due to poorer dietary intakes and nutritional inadequacy. The White 
population had significantly greater skinfold thicknesses than the Black population 
(Smit et al., 1967; Levine, 1972). This indicates greater caloric intake and a better 
overall nutritional status than the Black population. 
Between the 1960's and 1990 when the children of Bt20 were born there were 
significant changes in the environment for Black South Africans. In 1990, a larger 
proportion of the Black population had access to electricity and stable housing and 
South Africa is experiencing a transition in nutrition, with greater access to cheap, 
high calorie foods. The fact that the magnitude of secular increase in skeletal 
maturity is greater in the Black population reflects a greater transition in this 
population than the relatively more stable White population. There is also a 
difference in the magnitude of secular change between males and females. Females 
of both ethnic groups exhibit a greater increase in skeletal maturity over the 40 
years than males. This phenomenon has also been observed in studies of secular 
change in peak height velocity (Papadimitriou, 2001 ). Possible mechanisms 
proposed for the increased magnitude of secular change in females include 
increased exposure to food containing estrogens, which trigger earlier maturation 
(Saenz de Rodriguez et al., 1985) and an increase in childhood obesity, which might 
be relevant in the South African context (van der Merwe and Pepper, 2005). Reports 
suggest that overweight girls mature faster and enter puberty earlier than girls of 
normal weight while this effect is not demonstrated in males (Buckler, 
1998).Triceps and subscapular skinfolds were significantly greater in all Bt20 
children than PNNS children (p<O.OOl). 22% of the 9-9.99 year old Bt20 females 
were pubertal (having achieved either B2 or PH2) in the Bt20 sample, increasing to 
67% in the 11-11.99 year old group. No equivalent measure of puberty in the PNNS 
cohort was available but it is possible that a greater number of females in the Bt20 
sample had entered puberty at the time of measurement as secular trends in the 
onset of puberty have been identified in urban South Africans (Jones, 2009b ). This 
would lead to an advancement of the mean bone age between cohorts. 
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Comparison of anthropometric data between the two samples supports the secular 
trend in skeletal maturity. White children exhibit no significant change in mean 
stature or mean weight between 1962 and 2001 while the stature and weight of 
Black children is significantly increased in all age and sex groups with the 
exception of 11 year old Black males. All children demonstrated significant 
increases in measures of adiposity between the two samples. Not only does this 
suggest an improvement in nutrition but also that greater fat mass in both 
populations may be contributing to the faster tempo of skeletal maturation. The link 
between increased fat mass and advanced skeletal maturity has been noted (Buenen 
et al., 1982; Malina et al., 2004). Although fat mass has increased between the 
samples, the distribution of adiposity, as measured by the centripetal fat ratio, 
remains similar in both sexes. 
Although the use of the Greulich-Pyle technique for skeletal maturity assessment 
was necessary for comparability with the PNNS study there are various limitations 
in the use of the technique. As the atlas was created using films of children collected 
between 1931 and 1942 the applicability of these standards to contemporary 
children must be questioned. Evidence of secular trends in growth and maturation 
(Ulijaszek, 2001 ), and indeed the evidence of a secular trend in skeletal maturation 
shown here, suggests that these standards may be outdated and therefore cause 
inaccuracies when assessing skeletal maturity. In addition, as described in the 
background to the study (section 2.4.2) the reference population was limited to 
White Americans. The children enrolled in the study were admitted only upon 
application of a paediatrician, indicating that the children enrolled were from 
families of above average economic and educational status (Greulich & Pyle, 1959). 
Recent studies have highlighted the problems faced when applying the standards to 
contemporary populations, suggesting that there are particular inaccuracies in the 
assessment of Black females (Loder et al., 1993, Mora et al., 2001), Hispanic 
Females, and Asian and Hispanic Boys (Ontell et al., 1996). The method of centre-
by-centre analysis of skeletal maturation used in this study is not advocated 
formally in the Greulich-Pyle Atlas (1959), although it is used by Pyle and other 
workers in subsequent publications (Gilli, 1996; Roche and Davila, 1976). 
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The centre-by-centre technique has been criticised by some authors (Gametal., 
1964), but was necessary to compare results between these two particular cohorts. 
There is some support for this method of assessment (Gilli, 1996; Roche and 
Davila, 1976) compared to the usual approach to the use of the Greulich-Pyle Atlas. 
Instances frequently occur where a given radiograph demonstrates a pattern of 
ossification which is markedly different from any of the atlas standards. Using the 
method of overall comparison the bone age of a child may be distinctly under- or 
overestimated. Using the bone-specific method each individual centre can be 
considered independently, although this technique is not without limitations. The 
bone-specific method is open to the objection of impracticality as the use of this 
technique requires extensive reference to the text opposite the standards and the 
appendices of the atlas in which drawings of the individual centres are given. 
Another issue with this technique is the assigmnent of the correct skeletal age to 
individual centres. In the Greulich and Pyle Atlas (1959) individual centres are 
awarded annual increments in skeletal age although they may not have undergone 
any appreciable change in configuration, making the technique of assigning a 
skeletal age particularly subjective. Despite the obvious limitations in the use of the 
Greulich and Pyle technique it remains the most commonly used technique for 
assessing skeletal maturity. It was reported that 76% of paediatricians derived 'Bone 
Age' from a simple atlas matching technique, whereas only 20% utilised the more 
sophisticated methods described by Tanner and Whitehouse (Buckler, 1983). 
The lack of a complete data set for the PNNS presented particular difficulties in data 
analysis. The mean data presented may not accurately represent the population 
studied. In previous skeletal maturity studies a standard deviation of around 12 
months has been shown for a population (Buenen et al., 1982;Lejarraga et al., 1997; 
Zhen and Baolin, 1986). Particularly in the Black population studied by Levine 
(1972) the standard deviation was greater than 12 months. This may be an accurate 
reflection of the range of socio-economic environments experienced by the cohort 
but without the original data it is difficult to ascertain. The fact that standard 
deviations in the Bt20 study were smaller suggests the group studied has a far more 
homogenous background with regard to living standards and SES. How 
representative of the population the PNNS was is unknown, but it is widely 
accepted that a substantial proportion of the poorest Black African children did not 
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attend school at the time and thus would not have been included in the study 
(Fellingham, 1966). The Bone Health sub-study ofBt20 also tended towards higher 
SES participants due to recruitment procedures (Richter et al., 2007). 
The results of this study demonstrate a clear secular increase in skeletal maturity in 
urban South African children in line with improvements in environment and 
nutrition. The present delay of Black children, particularly Black males, in 
comparison with their White counterparts suggests that there is potential for further 
improvement within this population and this improvement should be monitored with 
further surveillance. 
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Chapter Six: Conclusions and Future 
Directions 
Chapter six summarises the results of the current study and provides suggestions for 
the future directions of skeletal maturity research. 
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The aims of this study were fourfold: (I) to describe the skeletal maturity of urban 
South African children, (2) to identify endogenous and exogenous factors 
responsible for advancement/delay in skeletal maturation, (3) to examine the 
relationship between skeletal maturation and pubertal development, and ( 4) to 
examine the evidence for a secular trend in skeletal maturity in South Africa. These 
four aims were developed on the basis of gaps in the existing skeletal maturity 
literature. The aims of this study were met using detailed longitudinal growth and 
skeletal maturity data from the Birth to Twenty (Bt20) birth cohort study set in 
Soweto and Johannesburg, South Africa. 
In examining variation in the skeletal maturity of the Bt20 cohort between 9 and 14 
years of age, the following conclusions were drawn: 
o The mean bone maturity scores showed skeletal maturation to be delayed in 
comparison with the TW3 reference population. This is suggested to be as a 
result of environmental differences between the cohort and the reference 
population. 
o There were no ethnic differences in skeletal maturity in females, but White 
males were in advance of Black males from year 12-14. Differences in early 
life enviromnent are suggested to account for the ethnic difference between 
males. 
o Bt20 females were in advance of males regardless of ethnicity, which 
supports other historical and contemporary studies of sex differences in 
skeletal maturation. 
o The rate of skeletal maturation demonstrated by the Bt20 cohort from 9-14 
years of age was close to the rate demonstrated by the TW3 reference 
population. This indicated that an insult, provoking a delay in skeletal 
maturation, may have occurred at some point during childhood or infancy, 
thus focussing the investigation of factors influencing skeletal maturity on 
this period oflife. 
The longitudinal nature of the Bt20 study allowed the examination of biological and 
enviromnenta~ factors influencing the rate of skeletal maturation. The following 
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factors were identified as significant independent predictors of relative skeletal 
maturity in both sexes at 9/10 years: 
o Stunting at 2 years - children who were stunted at 2 years showed greater 
delay in skeletal maturity at 9/10 years than those who were not stunted. 
This is an example of developmental plasticity or compensatory delay, 
allowing children who are stunted in infancy the chance to reach a greater 
final height 
o Bone-Free Lean Mass- having more bone-free lean mass at 9/10 years is 
associated with more advanced skeletal maturity, a finding which replicates 
previous studies. This relationship is likely to be mediated by the shared 
endocrine control of both skeletal maturation and lean mass accumulation. 
There was no relationship between fat mass and skeletal maturation in this 
population, which contradicts a number of previous studies. The relationship 
between fatness and skeletal maturity may only be evident in those children 
who are very overweight, which few children in this study were. 
Maternal marital status at birth and ownership of consumer durables at 9/10 years 
were proxies for infant and current SES and remained significant predictors of 
skeletal maturity in males only, until they were included with biological variables 
from infancy and current measures of body composition. No measures of SES were 
significant in females. Using multivariate regression analysis, 21.8% of the 
variation in relative skeletal maturity was explained in urban Black males and 
42.7% in Black females. Unmeasured environmental factors are suggested to have 
accounted for the explanation ofless variation in males. 
Previous studies of the relationship between skeletal maturation and pubertal 
development were criticized in a review of the existing literature for using cross-
sectional measures of both processes and not measuring either process with enough 
sensitivity. This study addressed some of these issues by using accurate, 
longitudinal measures of pubertal status which were validated against physician 
assessments. The findings of this study agree with previous studies, showing that 
although bone age and chronological age were correlated at each stage of puberty, 
there were no significant differences in the variance of skeletal age and 
chronological age at the onset of puberty in either sex. As in previous studies, 
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variation in skeletal age at menarche was less than chronological age, implying that 
a common factor (such as estrogen) is involved in the control of skeletal maturation 
and the timing of menarche. The unique contribution of this research, however, was 
the observation that the timing of sexual development in this cohort is in line with 
estimates in developed countries, whereas their skeletal maturation remains 
substantially delayed, therefore the control of skeletal maturation appears to be 
more environmentally sensitive than the control of sexual maturation. 
Studies on secular trends in skeletal maturity are rare, and this is the first study 
undertaken in the context of rapid socio-economic transition. Positive secular trends 
in the skeletal maturity of Black urban South African children occurred between 
1962 and 2001, reflecting the relatively greater impact of socio-economic and 
environmental improvements on this population. The skeletal maturity of urban 
Black children increased at a rate of approximately 2.4 months per decade in males 
and 3.94 months per decade in females during this period. Comparison of 
anthropometric data between the two cohorts supports the secular trend in skeletal 
maturity. White children exhibited no significant change in mean stature or weight 
between 1962 and 2001, while the stature and weight of Black children increased 
significantly. All children demonstrated significant increases in adiposity between 
the two cohorts, reflecting the nutrition transition being experienced in South Africa 
towards more calorific, high fat foods and less physical activity. 
Skeletal maturity may be used to observe and monitor further changes in South 
Africa or other transitioning economies, but whether or not there are negative 
sequelae associated with having advanced or delayed skeletal maturation during 
childhood should be prioritised as a focus for future research. Future research 
should also focus on elucidating the relationship between pubertal status and 
skeletal maturation, with the aim of creating a system for measuring biological 
maturity which is directly related to endocrine changes driving development. Time 
must be spent observing more thoroughly the hormonal processes controlling both 
skeletal maturation and the events of puberty in order to clarify the relationship 
between these two processes. 
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The exposure of healthy children to radiation has been approached with caution in 
recent years, resulting in few contemporary studies of skeletal maturation. Recent 
skeletal maturity research has been characterised by cross-sectional study design, 
taking into account few social and environmental factors. The TW3 method has also 
rarely been employed in large-scale studies, despite the fact that the reference 
population is the most modem and varied available. This study addressed variation 
in skeletal maturation in the unique context of rapid economic, social, and 
nutritional transition and addressed the lack of understanding surrounding the 
causes of advancement or delay in skeletal maturation using context specific 
measures of SES, appropriate skeletal maturity assessment, and detailed 
longitudinal growth data. This research has not only reinforced the use of skeletal 
maturity as an indicator of population health but has identified skeletal maturation 
as a valuable marker of transition, sensitively reflecting the significant changes in 
environment experienced by the Black population in South Africa. 
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Under-five Mortality Rankings 
(Reproduced from Unicef, 2008) 
The following list ranks countries and territories in descending order of their estimated 
2006 under-five mortality rate (deaths per 1000 live births, U5MR), a critical indicator 
of the well-being of children. Countries are divided into upper, middle and lower 
terti!es and countries including the review of skeletal maturity literature (section 2.6) 
are highlighted in bold 
Lower Tertile Countries 
U5MR U5MR 
.Y!!!!!£ Rank .Y!!!!!£ Rank 
Sierra Leone 270 I Lesotho 132 24 
Angola 260 2 Djibouti 130 25 
Afghanistan 257 3 Cote d'Ivoire 127 26 
Niger 253 4 Congo 126 27 
Liberia 235 5 Mauritania 125 28 
Mali 217 6 Botswana 124 29 
Chad 209 7 Ethiopia 123 30 
Equatorial Guinea 206 8 Kenya 121 31 
Congo, Dem. Rep. 205 9 Ghana 120 32 
Burkina-Faso 204 10 Malawi 120 32 
Guinea-Bissau 200 11 . Tanzania, United Rep. 118 34 
Nigeria 191 12 Senegal 116 35 
Zambia 182 13 Madagascar 115 36 
Burundi 181 14 Gambia · 113 37 
Central Africa Rep. 175 15 To go 108 38 
Swaziland 164 16 Zimbabwe 105 39 
Guinea 161 17 Myanmar 104 40 
Rwanda 160 18 Yemen 100 41 
Cameroon 149 19 Pakistan 97 42 
Benin 148 20 Sao Tome and Principe96 43 
Somalia 145 21 Gabon 91 44 
Mozambique 138 22 Sudan 89 45 
Uganda 134 23 Azerbaijan 88 46 
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Cambodia 82 47 Comoros 68 57 
Haiti 80 48 Tajikistan 68 57 
India 76 49 Kiribati 64 59 
Lao 75 50 Guyana 62 60 
Eritrea 74 51 Bolivia 61 61 
Papua New Guinea 73 52 Namibia 61 61 
Solomon Islands 73 52 Nepal 59 63 
Bhutan 70 54 Marshall Islands 56 64 
Bangladesh 69 55 Korea 55 65 
South Africa 69 55 Timor-Leste 55 65 
Middle Tertile Countries 
USMR 
Value Rank Value Rank 
Turkmenistan 51 67 Jamaica 31 88 
Iraq 46 68 Lebanon 30 89 
Mongolia 43 69 Mal dives 30 89 
Uzbekistan 43 69 Nauru 30 89 
Guatemala 41 71 Dominican Republic 29 92 
Kyrgyzstan 41 71 Kazakhstan 29 92 
Micronesia 41 71 Samoa 28 94 
Suriname 39 74 Honduras 27 95 
Algeria 38 75 Turkey 26 96 
Trinidad and Tobago 38 75 El Salvador 25 97 
Tuvalu 38 75 Jordan 25 97 
Morocco 37 78 Peru 25 97 
Nicaragua 36 79 Saudi Arabia 25 97 
Vanuatu 36 79 Armenia 24 101 
Egypt 35 81 China 24 101 
Mexico 35 81 Ecuador 24 101 
Cape Verde 34 83 Tonga 24 101 
Indonesia 34 83 Ukraine 24 101 
Iran 34 83 Panama 23 106 
Georgia 32 86 Tunisia 23 106 
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Philippines 32 86 Occupied Palestine 22 108 
Paraguay 22 108 Romania 18 119 
Colombia 21 110 Albania 17 122 
Qatar 21 110 Macedonia 17 122 
Venezuela 21 110 VietNam 17 122 
Brazil 20 113 Argentina 16 125 
Grenada 20 113 Belize 16 125 
St. Vincent 20 113 Russian Federation 16 125 
Cook Islands 19 116 Bosnia &Herzegovina 15 128 
Moldova 19 116 Dominica 15 128 
-St. Kitts & Nevis 19 116 Bahamas 14 130 
Fiji 18 119 Bulgaria 14 130 
Libyan Arab Jamahirya 18 119 
Upper Tertile Countries 
USMR USMR 
Value Rank Value Rank 
Mauritius 14 130 Latvia 9 148 
Saint Lucia 14 130 Lithuania 9 148 
Syrian Arab Republic 14 130 Serbia 8 151 
Belarus 13 135 Slovakia 8 151 
Seychelles 13 135 Thailand 8 151 
Sri Lanka 13 135 United Arab Emirates 8 151 
Barbados 12 138 United States 8 151 
Costa Rica 12 138 Cuba 7 157 
Malaysia 12 138 Estonia 7 157 
Oman 12 138 Hungary 7 157 
Uruguay 12 138 Poland 7 157 
Antigua & Barbuda 11 143 Australia 7 157 
Kuwait 11 143 Canada 6 161 
Palau 11 143 Croatia 6 161 
Bahrain 10 146 Malta 6 161 
Montenegro 10 146 New Zealand 6 161 
Brunei Darussalam 9 148 United Kingdom 6 161 
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Chile 9 148 Austria 5 167 
Denmark 5 167 Italy 4 175 
Ireland 5 167 Japan 4 175 
Israel 5 167 Luxembourg 4 175 
Korea, Republic of 5 167 Monaco 4 175 
Netherlands 5 167 Norway 4 175 
Portugal 5 167 Slovenia 4 175 
Switzerland 5 167 Spain 4 175 
Belgium 4 175 Andorra 3 189 
Cyprus 4 175 Iceland 3 189 
Czech Republic 4 175 Liechtenstein 3 189 
Finland 4 175 San Marino 3 189 
France 4 175 Singapore 3 189 
Germany 4 175 Sweden 3 189 
Greece 4 175 
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University of the Witwatersrand 
Department of Paediatrics and Child Health 
BIRTH TO TWENTY MEDICAL SCHOOL SITE 
ADOLESCENT ROUTINE QUESTIONNAIRE 
DATE: Day [I] Month [I] Year I I I I 
BTT ID NUMBER : I I I I 
BONE STUDY ID NUMBER : I I I I 
Consent Table Yes 
Questionnaire (Bt20 Services) 
Self- Complete Questionnaire 
Anthropometric Measurements 
Pubertal Assessment 
' 
Adolescent DXA 
Adolescent pQCT 
Adolescent Urine 
Adolescent Blood 
No 
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Informed Consent 
I agree to myself being a participant in the Birth to Twenty study. 
The goals and methods of Birth to Twenty are clear to me. 
I understand that the study will involve interviews, measures of growth and school 
reports. All the details and purposes of these tests have been explained to me. I 
understand that I have the right to refuse to participate in the study. 
I, the undersigned, hereby declare that I understand: 
1. That the University of the Witwatersrand, Johannesburg (hereafter referred to as 
"the University" has insured itself against the acts and omissions of persons acting 
on its behalf insofar as it is liable in law therefore and that its registered students 
and staff are insured during the course and scope of their registered courses 
and/or within the scope of the University business, where the fault can be attributed 
to the University or its affiliates. 
2. That in cases where no fault can be attributed to the University, I hereby 
indemnify, absolve and hold harmless the University, its officials, employees, 
students and invitees in respect of any damage to the property, death or bodily 
injury to/of myself and/or third parties, whether on/off the University precincts, or 
whilst engaged in any activity related to the University. 
3. And undertake, for any period during which I am on the university precincts or 
during my participation in the Birth to Twenty Study, to be bound by the rules and 
regulations of the University for the time being in force and by any requirements or 
conditions imposed by the University on me. 
4. As the adolescent's caregiver, I give consent for my adolescent to independently 
agree or not agree to take part in each aspect of research. 
I agree to participation in the study on the condition that: 
1. I can withdraw from the study at any time voluntarily and that no adverse 
consequences will follow on withdrawal from the study. 
2. I have the right not to answer any or all questions posed in the interviews and 
not to participate in any or all of the procedures I assessments. · 
3. The Committee for Research on Human Subjects at the University of the 
Witwatersrand has approved the study protocol and procedures. 
4. All results will be treated with the strictest confidentiality. 
5. Only group results, and not my/my adolescent's individual results, will be 
published in scientific journals and in the media. 
6. The Bt20 scientific team are committed to treating participants with respect and 
privacy through interviews conducted in private and follow-up counselling available 
on request. 
7. I will receive a referral note to a health service if any result is out of the normal 
range or a problem is detected in the course ofthe study. 
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Cohort Communication 
1. We would appreciate if you ... D • Keep in contact with us 
2. Appreciation 
D • You and your family are really important to us and to South Africa . • We really appreciate you the commitment you have shown to the study over the last 17 years 
• The findings of the study has had a positive impact on current and future 
generations of children because the information that you give us provides accurate 
and reliable information on child and youth development 
• To ensure that these aims are met, it is important for Bt20 and its staff to maintain a 
professional and ethical relationship with you, our study participants. 
• This is true of ail people who interact with you who provide services for you such as 
health care staff & educators 
3. What IS professional and ethical conduct? D • interviewer must be friendly and courteous • Punctuality 
• Explain the reason for your visit 
• Explain ail components of data collection and answer any questions 
• Keep ail information confidential 
• Interviewer will make the appropriate referral should you require assistance of a 
oersonal nature 
4. What is NOT professional and ethical conduct? 
• Interviewers talking on their cell phones during an interview 
• Interviewers making personal and I or judgmental comments 
• Socialising with you outside of Bt20 activities D • Interviewers giving their cell phone or personal phone numbers to you 
• Interviewers doing personal favours for you in return for information 
• Interviewers touching/talking to you in a way that makes you uncomfortable 
5. As a participant of Bt20, you have the right to: 
D • Withdraw from an interview at anytime should you feel uncomfortable • Ask for clarification on any aspect regarding Bt20 
• Lodge a complaint of any misconduct to Dr Shane Norris 
6. Understanding 
• Do you understand what Bt20 is and what ethical study behaviour means? 
I:Esl ~ D 
• If NO, what don t you understand? (please note if NO) 
Adolescent:----------- RA: 
-------------------
Date:-------------
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ADOLESCENT MEASUREMENTS 
ANTHROPOMETRY 
• STANDING HEIGHT: (mm) 
• SITTING HEIGHT: (mm) 
• WEIGHT: (kg) • 
• WAIST CIRCUMFERENCE: (mm) 
• HIP CIRCUMFERENCE: (mm) 
• SHOULDER-ELBOW: (mm) 
• ELBOW-WRIST LENGTH: (mm) 
• THIGH LENGTH: (mm) 
• CALF LENGTH: (mm) 
• BICEP GIRTH: (mm) 
• BIEPI BREADTH HUMERUS (mm) 
• BIEPI BREADTH OF FEMUR (mm) 
• CALF GIRTH: (mm) 
SKINFOLD MEASUREMENTS - LEFT SIDE (mm) 
• TRICEP: • • • 
• BICEP: • • • 
• SUBSCAPULAR • • • 
• SUPRA-ILIAC: • • • 
• MEDIAL CALF I 
'-----'-----.J'---'--' • I 11 I • I 11 I • 
Research Assistant name: I Date: I 
FLEXIGRIP 
• NON-DOMINANT HAND: CD OR [§] 
I • I 11 I • I 
Research Assistant name: Date: 
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BLOOD PRESSURE 
0 SYSTOLIC BP 
0 DIASTOLIC BP 
0 PULSE 
0 TIME OF BP h I I 
Research Assistant name: Date:! L ____ ___, 
BONE SCANS 
o DXAscan 
o PQCT 
Operator name: 
COLLECTION OF SPECIMENS 
o Urine 1 
o ROUTINE BLOOD SAMPLE 
Lab Assistant's name: 
~ ~ 
PUBERTAL ASSESSMENT and SELF COMPLETION 
o Pubertal assessment Questionnaire 
o Self completion Questionnaire 
Research Assistant name: 
BONE AGE X-RAY 
Quality checked by: Ll ______ ____.l Date:! L ---------' 
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HOUSEHOLD INFORMATION (Questions asked of Caregivers) 
1 Grants 
Number 
For how many children (any child) in the household is a child support gr~ 
beina received? 
How many people in the household receive an old-age pension? 
How many people in the household receive a disability grant? 
How many people in the household receive the foster care grant? 
2. Who suooorts the BTT child and how? 
Biological Biologica Current Grand pare Caregiver 
Mother Father Partner (Not CG) 
Financial support 
(cash, school fees) 
Buys goods 
(clothes, food) 
Emotional support: 
spends time, 
encouraaes 
3. Current marital status (tick the appropriate box) 
Single Divorced Separated 
Widowed Married Living together 
4. Do you have medical aid? 
5. How would you describe the house the CHILD is living in? 
Shack/Zozo House Shared house 
FlaUCottage Hostel Room/Garage 
6. How many rooms are there in the house and in outside structures on 
the property? I For example: 5 in the house and 4 outside 
7. How many rooms are used for sleeping by household members not 
lodgers? D 
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8. 
What are the walls of your house made of? 
- Brick I Concrete 1. 
-Adobe (Clay) I Mud 2. 
- Wood I Branches 3. 
- Galvanised iron 4. 
-Matting 5. 
- Other: Specify 6. 
What is the roof of your house made of? 
- Straw I Thatch 1. 
-Earth I Mud 2. 
-Wood I Planks 3. 
- Galvanised iron 4. 
-Concrete 5. 
- Tiles I Slates 6. 
- Other: Specify 7. 
What is the floor of your house made of? 
-Earth 1. 
-Wood 2. 
- Stone I Brick 3. 
- Cement I Tile 4. 
- Laminated material 5. 
- Other: Specify 6. 
9. Do you have ... ? 
Water Sole use Shared No Access 
Indoor running hot + cold water 1 2 3 
Indoor running cold water only 1 2 3 
Outside tap only on property 1 2 3 
Water from other sources 1 2 3 
If other: Specify 
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10. Do you have ..• ? 
Toilet Sole Use Shared No Access 
Flush toilet inside the home 1 2 3 
Flush toilet outside the home 1 2 3 
Pit latrine 1 2 3 
Bucket System 1 2 3 
Other 1 2 3 
If other: Specify 
11. Do you have ..• ? 
Full-time job 
Part-time job (continuous or 
intermittent) 
Home maker (housewife) 
Unemployed or looking for work 
Retired 
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Data Cleaning Report 
1.0 Year 9 Cleaning 
1.1 Inventory Cross Checking 
38 Bone Health cases were inventoried as seen but had no hand-wrist 
radiograph present: 
111 195 572 815 
118 196 589 910 
122 212 637 
124 359 703 
143 395 708 
145 397 733 
146 403 734 
157 437 741 
171 503 743 
173 519 744 
178 534 746 
192 557 747 
• Bone Health ID # 146 - X Ray was found to be present- Inventory and 
Database have been updated 
• Bone Health ID # 534 - This case was excluded for consistency as only 
the right hand radiograph was available (the left hand was in a plaster 
cast) 
• Bone Health ID# 437- Year Nine and Ten Hand X Rays have been 
excluded from the database. Both X Rays marked with same ID and 
name but year nine was clearly in advance of year I 0. Y9 Radiograph 
also showed the 5th Phalanx to be distinctly in-turned. Unable to 
determine which is the correct film for the child 
• Each individual file was checked for a hand X Ray and all remaining 
cases were confirmed as missing Hand X Rays 
2 Bone Health Cases were inventoried as not seen (no anthropometric, DXA 
or pubertal data) but had hand-wrist radiographs present: 
489 
512 
• Both original files were re-checked and both X Rays are present with the 
correct names and dates within the period of year nine data collection 
• In these cases the X Ray dates were used to calculate decimal age 
I Bone Health Case was excluded at year nine (BH ID# 501) 
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This case had only a right hand X Ray as the other hand was in plaster. This 
case is excluded from the database for consistency 
Of 683 families, 389 families were seen at year nine (56.95% ). Of the 
families seen 354 had hand-wrist radiographs taken (90.75%). 
1.2 Variables Created 
The following variables were created and integrated into the main growth 
database 
1.3 Missing Score Sheets 
All score sheets for year nine were missing therefore each available 
radiograph 
was re-rated and scored using the Tanner-Whitehouse III software. 
1.4 Cross-Sectional Cleaning 
All cases+ 1-2 Z Scores (compared with the TW3 standards) were 
identified and re-rated and scored. Relevant changes are listed below. 
The following cases had Z Scores less than or equal to - 2.00 
152 
156 
166 
175 
179 
190 
199 
208 
407 
425 
• Bone Health ID# 436 
433 
438 
444 
456 
475 
507 
567 
580 
686 
718 
Bone Score adjusted from 328 (6.93 years) to 342 (7.28 years) 
The remaining cases were not adjusted from their original scores. The 
majority of the cases showing Z Scores :S- 2.00 showed significant ulna 
delay (either absence of an ulna epiphysis or early appearance of this centre). 
The following cases had Z Scores greater than or equal to 2.00 
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105 113 
• Bone Health ID # 105 
Bone Score adjusted from 376 (11.22 years) to 323 (10.15 years) 
• Bone Health ID # 113 
Bone Score adjusted from 367 (11.07 years) to 342 (10.57 years) 
2.0 Year 10 Cleaning 
2.1 Inventory Cross Checking 
16 Bone Health cases were inventoried as seen but had no hand-wrist 
radiograph present: 
113 
161 
368 
386 
409 
503 
511 
570 
598 
610 
648 
798 
810 
821 
855 
858 
• Each individual file was checked for a hand X Ray and all remaining 
cases were confirmed as missing Hand X Rays 
10 Bone Health Cases were inventoried as not seen (no anthropometric, 
DXA or pubertal data) but had hand-wrist radiographs present: 
170 
366 
428 
459 
535 
606 
631 
691 
733 
790 
• Each individual file was checked for a hand X Ray and all cases were 
confirmed as having a Hand X Ray present. 
• Each Hand X Ray was checked against the name of the child and the 
date at which the X Ray was taken. All cases are to be included in the 
inventory and database 
• The date at which each of these X Rays were taken fell between May 
and June 2001 
• In these cases the X Ray dates were used to calculate decimal age 
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Of683 families, 478 families were seen at year nine (69.99%). Of the 
families seen 472 had hand-wrist radiographs taken (98.74%). , 
2.2 Variables Created 
2.3 Missing Score Sheets 
The following cases were missing year I 0 radiograph score sheets: 
109 
123 
144 
426 
510 
669 
These radiographs were re-rated and re-scored using the TW3 Software 
2.4 Radiograph Re-Scoring 
All year 10 bone scores were converted from TW2 to TW3. Original bone 
ratings were taken from the paper score sheets and entered into the TW3 
software. New bone scores and bone ages (years) were generated and 
entered into the database. The conversion from TW2 to TW3 involved 
significant change in bone age, particularly in females. 
A random 10% sample (48 radiographs) were re-entered into the software to 
check accuracy and there was 1 error in data entry (2.08%). This was 
considered an acceptable level of accuracy. 
2.5 Cross-Sectional Cleaning 
All cases+ I- 2 Z Scores (compared with the TW3 standards) were 
identified and re-rated and scored. Relevant changes are listed below. 
The following cases had Z Scores less than or equal to - 2.00 
156 
158 
438 
444 
560 
561 
755 
776 
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166 
175 
425 
471 
507 
521 
• Bone Health ID # 156 
567 
631 
718 
780 
812 
857 
Bone Score adjusted from 335 (7.10 years) to 359 (7.70 years) 
• Bone Health ID # 175 
Bone Score adjusted from 358 (7.68 years) to 339 (7.20 years) 
• Bone Health ID# 438 
Bone Score adjusted from 325 (6.86 years) to 339 (7.20 years) 
• Bone Health ID # 457 
Bone Score adjusted from 369 (7.94 years) to 435 (9.12 years) 
The remaining scores were not adjusted from their original bone scores. 
The following cases had Z Scores greater than or equal to 2.00 
203 
517 
602 
621 
628 
728 
• Bone Health ID # 203 
760 
765 
807 
847 
Bone Score adjusted from 715 (12.41 years) to 650 (11.72 years) 
• Bone Health ID# 517 
Bone Score adjusted from 786 (13.09 years) to 756 (12.81 years) 
• Bone Health ID # 602 
Bone Score adjusted from 434 (12.11 years) to 381 (11.30 years) 
• Bone Health ID# 621 
Bone Score adjusted from 430 (12.05 years) to 381 (11.30 years) 
• Bone Health ID # 628 
Bone Score adjusted from 705 (12.30 years) to 693 (12.18 years) 
• Bone Health ID # 765 
Bone Score adjusted from 442 (12.22 years) to 357 (10.88 years) 
• Bone Health ID # 807 
Bone Score adjusted from 438 (12.16 years) to 353 (10.80 years) 
• Bone Health ID# 847 
Bone Score adjusted from 434 (12.11 years) to 349 (10.71 years) 
The remaining cases were not adjusted from their original bone scores. 
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2.6 Longitudinal Cleaning 
Where a child regressed in bone age between year nine and year ten both 
radiographs were checked and the ratings which were reversed were 
identified and re-checked. If necessary either the year nine or year ten 
radiograph was re-rated and the bone score and bone age adjusted in the 
database. The following radiographs were adjusted: 
Bone Health ID # I 09 
Y9 Bone Score adjusted from 314 (9.95 years) to 268 (8. 78 years) 
YlO Bone Score adjusted from 292 (9.42 years) to 284 (9.22 years) 
Bone Health ID # 13 I 
Y9 Bone Score adjusted from 287 (9.30 years) to 270 (8.84 years) 
Yl 0 Bone Score was not adjusted 
Where a child did not make any progression in bone age between year nine 
and year ten both radiographs were checked and re-rated and the bone score 
and bone age adjusted in the database. The following radiographs were 
adjusted: 
Bone Health ID # 578 
Y9 Bone Score adjusted from 445 (9.26 years) to 392 (8.39 years) 
YIO Bone Score was not adjusted 
For further longitudinal cleaning the cases were divided by sex and ethnicity 
into four groups -white males, white females, black males and black 
females. Change in bone score between year nine and year ten was 
calculated for each individual and an average for each group obtained. Using 
these averages Z Scores were calculated for change in bone score in each 
group. Cases with a Z Score less than -2.00 or greater than 2.00 were 
identified and the year nine and year ten radiographs re- scored. 
White Females 
Average change in bone score: 70.47826 
Standard deviation: 42.89826 
No cases had a Z Score less than or equal to -2.00. 
The following cases had a Z Score greater than or equal to 2.00 
207 
Bone Health ID # 207 
YIO Bone Score adjusted from 630 (11.49 years) to 532 (9.92 years) 
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White Males 
Average change in bone score: 42.77 
Standard deviation: 21.19958 
No cases had a Z Score less than or equal to -2.00 
The following cases had a Z Score greater than or equal to 2.00 
138 
Bone Health ID# 138 
Y9 Bone Score was not adjusted 
Y10 Bone Score adjusted from 345 (10.63 years) to 321 (10.11years) 
Black Females 
Average change in bone score: 94.59504 
Standard deviation: 54.37196 
No cases had a Z Score less than or equal to -2.00 
The following cases had a Z Score greater than or equal to 2.00 
431 
453 
Bone Health ID # 431 
473 
657 
724 
735 
Y9 Bone Score adjusted from 383 (8.22 years) to 410 (8.71 years) 
Y10 Bone Score adjusted from 637 (11.57 years) to 502 (10.01years) 
Bone Health ID # 453 
Y9 Bone Score not adjusted 
Y10 Bone Score adjusted from 640 (11.60 years) to 560 (10.69years) 
Bone Health ID# 473 
Y9 Bone Score adjusted from 325 (6.86 years) to 342 (7.28 years) 
YI 0 Bone Score not adjusted 
Bone Health ID # 657 
Y9 Bone Score adjusted from 445 (9.26 years) to 457 (9.43 years) 
YIO Bone Score adjusted from 649 (11.70 years) to 563(10.72years) 
Bone Health ID # 724 
Y9 Bone Score not adjusted 
Y10 Bone Score adjusted from 642 (11.63 years) to 516 (10.18years) 
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Bone Health ID # 735 
Y9 Bone Score not adjusted 
Y10 Bone Score adjusted from 693 (12.18 years) to 607 (11.22years) 
Black Males 
Average change in Bone Score: 47.67883 
Standard deviation: 22.33664 
No cases had a Z Score less than or equal to -2.00 
The following cases had a Z Score greater than or equal to 2.00 
448 494 
Bone Health ID # 448 
Y9 Bone Score adjusted from 315 (9.97 years) to 328 (10.26 years) 
Y10 Bone Score adjusted from 422 (11.93 years) to 367 (11.07years) 
Bone Health ID# 494 
Y9 Bone Score not adjusted 
Y10 Bone Score adjusted from 377 (11.23 years) to 336 (10.44years) 
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Skeletal Maturity Data 
This appendix includes raw data, in the form of scatterplots, showing the 
relationship between skeletal age and chronological age. Data for black and white 
males and females have been presented separately. 
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